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GENERAL INTRODUCTION 
Explanation of Dissertation Format 
The body of this alternate format dissertation consists of four 
related manuscripts which have been published in refereed Journals, have 
been submitted to a refereed Journal, or will soon be submitted. Each of 
these manuscripts was written by Mr. Landers, with guidance and editorial 
input from Dr. Olson. They are preceded by a general introduction and 
literature review, and followed by a general summary. 
Sections I, II and III concern methodology for the analysis and 
handling of geometric isomers of retinoids, while Section IV details the 
application of the techniques and principles of the first three sections 
to the study of the visual cycle in bovine ocular tissues. 
Section I, "Statistical solvent optimization for the separation of 
geometric isomers of retinol by high-performance liquid chromatography" 
details a systematic study of the effects of various solvents on the 
resolution of isomers of retinol on normal-phase silica columns. 
Although the HPLC method developed in this study has since been abandoned 
in favor of a newer and more powerful technique (details of which are 
presented in Section III) many of the principles outlined and broad 
trends reported in this paper have been used to develop the present 
analytical methodology. This manuscript was published in the Journal of 
Chromatography, 291:51-57, 1984. 
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Section II, "Lack of isomerization of retinyl palmitate, retinol, 
and retinal in chlorinated and nonchlorinated solvents under gold light" 
was written in response to a published report of isomerization of retinyl 
palmitate in chlorinated solvents by light from gold fluorescent lamps. 
These lamps emit very little light of wavelengths less than 500 nm, and 
thus should not photoisomerize retinoids, which have absorption maxima in 
the 300-400 nm range. Because we use both chlorinated solvents and gold 
fluorescent lamps extensively in our laboratory, we felt compelled to 
carefully reinvestigate the effect ourselves. The result was a 
confirmation of the wisdom of using gold fluorescent lamps to prevent 
artifactual isomerization of retinoids, regardless of the solvent used. 
In addition, some interesting findings about solvent effects on the 
photoisomerization of various retinoids were made, and these facts have 
been utilized in preparing certain isomers of retinyl palmitate for use 
in subsequent studies. This manuscript was published in the Journal of 
the Association of Official Analytical Chemists, 69:50-55, 1986. 
Section III, "Rapid, simultaneous determination of isomers of 
retinaldehyde, retinal oxime and retinol by high-performance liquid 
chromatography" reports a new chromatographic method for simultaneously 
analyzing all the physiologically important isomers of retinol and 
retinaldehyde in extracts of ocular tissues. This method overcomes 
several problems with earlier methodologies, and has been used in 
studying the metabolism of retinoid isomers in bovine ocular tissues. It 
has been submitted to the Journal of Chromatography, and is expected to 
be published in the first half of 1988. 
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Section IV, "Isomerization of all-trans retinoids to the ll-cis 
configuration in ocular tissues" details our studies on the metabolism of 
retinoid isomers in the retina and retinal pigment epithelium of the 
bovine eye. It represents one of the few reports of isomerase activity 
in the dark in an excised mammalian ocular tissue, and provides some 
interesting insights into the location and nature of the all-trans to 
ll-cis retinoid Isomerase. This manuscript will be submitted to 
Investigative Ophthalmology and Visual Science, and should be published 
sometime in 1988. 
Literature Review 
General vitamin A metabolism 
Vertebrates are unable to synthesize carotenoids or retinoids 
de novo, and must therefore obtain them from dietary sources. Bile 
salts, synthesized and secreted into the lumen of the small intestine by 
the liver, play a vital role in solubilizing retinoids and carotenoids 
and other dietary lipids. Retlnyl esters present in the mixed micelles 
of bile salts and dietary lipids are hydrolyzed to free retinol and fatty 
acids by pancreatic nonspecific lipase in the small intestine [Ij, and 
the retinol and carotenoids enter the cell membrane of the mucosal 
microvilli by passive diffusion [2,3]. Provitamin A carotenoids are 
cleaved by carotene 15,15'-dioxygenase to yield retinaldehyde [4], which 
is reduced to retinol by a dehydrogenase [5], The resulting retinol is 
4 
then esterified, primarily with palmitoyl-CoA, by acyl-CoAiretinol acyl 
transferase (ARAT) [6,7]. A special retinoid-binding protein, known as 
CRBP(II) (cellular retinol-binding protein, type II) occurs in the 
mucosal cell [8-10], and is almost certainly instrumental in these 
reactions, possibly by carrying retinol to the esterifying enzyme [11]. 
The retinyl ester produced by esterification of retinol from either 
preformed dietary retinoids or pro-vitamin A carotenoids is then packaged 
with other absorbed dietary lipids in chylomicra, and secreted into the 
intestinal lymphatic system. 
The lymphatic chylomicra enter the general circulation at the 
thoracic duct, and are modified as they circulate in the plasma through 
removal of triglycerides by lipoprotein lipase, as well as by acquisition 
of certain apolipoproteins. Eventually, they become chylomicron 
remnants, which are internalized by hepatocytes via receptor-mediated 
endocytosis. The chylomicron remnants are then broken down in the 
lysosomal system of the hepatocyte, and the retinyl esters in the 
chylomicron remnants are hydrolyzed, probably by retinyl ester hydrolase, 
to release free retinol, which is presumably transferred to cellular 
retinol-binding protein (CRBP) [12]. Depending on the vitamin A status 
of the animal, the retinol may be immediately combined with apo-RBP 
(retinol binding protein) and secreted into the plasma, it may be stored 
as retinyl ester in the hepatocyte or in the stellate cells, or it may be 
oxidized to more polar metabolites and excreted in the bile. 
In times when either newly-absorbed retinoids or stored hepatic 
retinyl esters are needed by target tissues, retinol is combined with 
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preformed apo-RBP (retinol binding protein) in the hepatocyte in a 1:1 
ratio to form holo-RBP [13] and is exported to vitamin A-requiring 
tissues. The secreted holo-RBP combines in the serum with TTR 
(transthyretin, formerly known as prealbumin, which also binds one 
molecule of thyroxine), apparently in a 1:1 complex. The TTR-RBP complex 
binds to specific receptors on target tissues, where the retinol is taken 
into the cell, while the apo-RBP is apparently left in the circulation 
without being internalized [14]. The apo-RBP probably no longer binds to 
TTR, and with a molecular weight of 21,000 daltons, it is not large 
enough to avoid glomerular filtration and catabolism by the kidney. 
Vitamin A in vision 
Retinal pigment epithelial cells have such receptors for holo-RBP 
on their baso-lateral plasma membrane surfaces, which are adjacent to the 
capillaries of the choriocapillaris. The retinol is transferred from the 
RBP-TTR complex to the RBP receptor [15,16], and presumably bound by CRBP 
(cellular retinol binding protein) inside the retinal pigment epithelial 
cell. It may then either be stored as retinyl ester, in a manner similar 
to what happens in the liver, or it may be transported to the retina. 
Eventually, the retinol is oxidized to retinal, isomerized to the ll-cia 
conformation, and transported to the photoreceptors of the outer retina 
(not necessarily in that order). 
Villi from the apical side of the retinal pigment epithelium extend 
between the photoreceptor outer segments and ensheath them. The space 
between the retina and the retinal pigment epithelium is known as the 
subretinal space, and is filled with a mixture of components known as the 
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subretinal, or interphotoreceptor, matrix. Among the components of this 
matrix is a 140,000-dalton retinoid-binding protein known as IRBP 
(interstitial or interphotoreceptor retinoid binding protein) [17-21], 
which also occurs in the pineal gland and aqueous and vitreous humors 
[22] This glycoprotein is synthesized and secreted by the photoreceptor 
inner segments, as indicated by studies with ^H-fucose [23] and in situ 
mRNA-hybridizabion studies [24], and binds two retinoid molecules per 
molecule of protein [25]. Its secretion from the neural retina is 
blocked by monensin [26], while tunicamycin prevents glycosylation, but 
not secretion [27]. It binds many hydrophobic compounds, including 
retinoic acid, retinal, retinol, alpha-tocopherol, cholesterol [27,18] 
and fatty acids, but the endogenous ligands seem to be primarily all-
trans retinol and lesser amounts of 11-cis retinol [25], as well as up to 
6 molecules of fatty acids per molecule of protein [20]. Small amounts 
of endogenous Il-cis, but not all-trans, retinal have also been found 
associated with bovine IRBP, but the amount present seems Insensitive to 
light/dark adaptation [28]. All-trans retinol is bound relatively 
loosely by IRBP, with a dissociation constant of 1.3 X 10~^ M [29]. 
About five times more retinol is found on IRBP in light-adapted animals 
than in dark-adapted animals [18,19,25], although even in light-adapted 
animals, the retinol-binding sites on IR'BP seem to be only about 30% 
occupied [25,27]. The exact function of IRBP is as yet somewhat unclear, 
although it probably acts as a carrier of retinoids, and possibly other 
lipids, between the retina and retinal pigment epithelium. Thus, 
although IRBP is probably essential to the transport of retinoids between 
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the retina and the RPE, its lack of ligand-specificity and its relatively 
weak binding-affinity for retinoids argue against it having a highly 
specific role in the visual cycle. 
In rod cells, the mature disk is topologically separate from the 
plasma membrane of the outer segment, and the integral membrane-protein 
rhodopsin remains in the disk in which it was originally assembled, while 
in cones, the entire membrane of the outer segment is contiguous, 
allowing rhodopsin to diffuse in the plane of the membrane throughout the 
outer segment. Thus, in rods, a pulse of radiolabeled leucine results in 
a band of radioactivity which begins in the rough endoplasmic reticulum, 
passes through the Golgi apparatus to the base of the rod outer segment, 
and slowly makes its way to the outer tip of the outer segment as new 
disks are assembled behind it [30,31]. A similar pattern is seen after a 
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pulse of H-glucosamine [32,33]. In mammals about 10 days are required 
for the band to reach the distal end of the outer segment, where it is 
phagocytosed by the retinal pigment epithelium [30], while in cold­
blooded vertebrates, this process takes about 6-10 weeks [30,31], In 
cones, no such band of radiolabeling is apparent, but diffuse 
radiolabeling of the entire outer segment occurs instead. 
After retinol reaches the photoreceptors, and after it has been 
isomerized to the ll-cis conformation and oxidized to retinal, it is 
combined with opsin in the disk membranes to form rhodopsin. 11-Cis 
retinal is apparently not added to newly synthesized opsin until after 
the protein has been assembled into new disk membranes [34], which form 
by an evagination process at the base of the outer segment. If 
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radiolabeled retinal is provided to the photoreceptors, no band of 
radiolabeling is seen in either cones or rods, but instead the entire 
outer segment becomes diffusely labeled. This occurs even when the 
animal is kept in complete darkness, so that no photobleaching of 
rhodopsin can occur. It has thus been concluded that the ll-cia retinal 
chromophore exchanges between rhodopsin molecules in the dark. The 
mechanism of this exchange process is not presently understood, but it 
may involve an as yet undiscovered retinal-exchange protein in the rod 
outer segment [35]. 
The central events of vision 
Rhodopsin contains 11-cia retinal bound to the e-amino of lysinCg^^ 
as its chromophore [36]. When a photon of the proper wavelength strikes 
rhodopsin in the disk membrane, the 11-cis retinal chromophore is 
isomerized to the all-trans conformation, and the photolyzed rhodopsin 
passes through a number of intermediate conformations before the 
chromophore is finally released as free all-trans retinal. 
Photolyzed rhodopsin catalyzes the exchange of GOP (guanidine 
diphosphate) for GTP (guanidine triphosphate) on a G-protein known as 
transducin. Transducin consists of an alpha subunit in weak association 
with a complex of a beta and a gamma subunit. The beta and gamma 
subunits apparently serve to present the alpha subunit, which contains 
the GDP/GTP-binding site, to rhodopsin. After the exchange of GTP for 
GDP, the transducin complex appears to dissociate from rhodopsin, and the 
alpha subunit activates a cGMP (3',5'-cyclic guanidine monophosphate) 
phosphodiesterase, which hydrolyzes cGMP to GMP. The transducin alpha 
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subunlt apparently binds to the inhibitory gamma subunit of the 
phosphodiesterase, and causes it to dissociate from the catalytic subunit 
of the phosphodiesterase. Cyclic GMP normally allows the Na^-Ca*^ pores 
to remain open in the plasma membrane of the photoreceptor outer segment, 
and reduction of the cGMP concentration by the activated 
phosphodiesterase causes the pores to close and results in 
hyperpolarization of the photoreceptor cell as the normal dark current is 
blocked. Current knowledge of the structure and function of transducin 
has been reviewed recently [37]. The membrane hyperpolarization causes 
release of one or more neurotransmitters from the synaptic terminus of 
the photoreceptor inner segment, thus signaling the reception of a photon 
to the neurons of the inner retina. After a certain amount of local 
processing and signal averaging in the inner retina, this signal is sent 
via the optic nerve to the visual cortex, where it is further processed 
and perceived as sight by the brain. 
Under normal conditions, the all-trans retinal released from 
photolyzed rhodopsin is reduced to all-trans retinol by a membrane-bound 
retinal reductase in the photoreceptor outer segment [38-40], and is then 
transported to the adjoining retinal pigment epithelium, where it is 
esterified and stored, primarily as retinyl palmitate [41,42]. The 
mechanism of transport between the retina and retinal pigment epithelium 
is not well understood, but it probably involves IRBP. 
Regeneration of 11-cia retinal and completion of the visual cycle 
During darkness, the all-trans retinoid is isomerized back to the 
11-cis conformation and transported to the photoreceptor outer segment, 
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where (as ll-cis retinal) it recombines with opsin to regenerate the 
visual pigment rhodopsin [41]. Figure 1 summarizes the visual cycle and 
denotes the possible sites of all-trans to 11-Cis isomerization. This 
isomerization might conceivably occur either in the retina or retinal 
pigment epithelium, and might use all-trans retinal, retinol or retinyl 
ester as its immediate substrate. The site of isomerization and the 
substrate of the isomerase have been difficult to determine, because 
while regeneration of 11-cis retinoids occurs readily in living animals, 
it is difficult to demonstrate in the excised eye or in isolated ocular 
tissues [43]. 
Because the retinoid isomerase of the eye has proven so difficult 
to isolate and characterize, some have questioned whether an enzyme 
actually exists for this function, and have suggested alternative 
mechanisms for the all-trans to 11-cis isomerization. It has been 
suggested that nonspecific thermal or photochemical isomerization of 
all-trans retinoids to various cis isomers might acquire specificity for 
the 11-cis isomer through the action of rhodopsin and cellular retinal-
binding protein as selective trapping agents for the 11-cis isomer [44]. 
However, the 11-cis and all-trans isomers predominate in ocular tissues, 
and the relatively small amounts of other cis isomers which are found are 
probably due to artifactual isomerization during extraction and analysis. 
It seems unlikely that the 11-cis Isomer, which is thermodynamically 
unfavored, could become so predominant merely through the action of 
trapping agents. 
Figure 1. Pathways of retinoid metabolism in the vertebrate retina and 
pigment epithelium. Possible sites and stages at which the 
isomerization of all-trans retinoids to the 11—cis 
configuration might occur are denoted with an asterisk and a 
question mark 
REGENERATION BLEACHING 
'RHODOPSIN- LIGHT 
>SIGNAL TO VISUAL CORTEX 
-ALL-TRANS RETINAL 11-CIS RETINAL OPSIN 
RETINA 
* ? 
ALL-TRANS RETINOL 11-CIS RETINOL+ 
INTERPHOTORECEPTOR 
I-IATRIX 
ALL-TRANS RETINOL ,11-CIS RETINOL+ 
* ? 
ALL-TRANS RETINYL ESTER 11-CIS RETINYL ESTER+ PIGMENT 
EPITHELIUM 
* ? 
ALL-TRANS RETINAL 11-CIS RETINAL+ 
"RETINOID ISOMERASE" * 
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A photochemical mechanism for the formation of ll-cis isomers by 
photoisomerization of the Schiff base of all-trana retinal and 
phosphatidyl ethanolamine has also been suggested [45]. A certain 
specificity for the ll-cis isomer does seem to occur in this 
photochemical reaction, and it may well have a role in maintaining a 
supply of ll-cis retinal during daylight hours, but it cannot account for 
the well-documented net conversion of all-trans retinoids to ll-cis 
retinoids which occurs in the dark. However, it is possible that 
regeneration of ll-cis retinoids in the visual pigments of invertebrates 
may proceed primarily through such photochemical mechanisms. The 
retinochrome system of cephalopoda is a good example of such an 
occurrence [46]. 
There have been several reports of all-trans to ll-cis isomerase 
activity in vitro. One of the earliest of these was the report of 
"retinene isomerase" in homogenates of bovine retina by Hubbard [47]. 
The isomerase activity was precipitated at 25-30% saturation of ammonium 
sulfate, and was destroyed by heating 12 minutes at 50° C. The 
preparation catalyzed formation of a psuedoequilibrium of 5% ll-cis 
retinal, 95% all-trans retinal from either ll-cis or all-trans retinal in 
the presence of rhodopsin in the dark, while the percentage of ll-cis 
formed could be raised to 30% in the light. The presence of rhodopsin 
was not required for formation of ll-cis retinal in the light. The 
isomerase did not isomerize 9-cis retinal, nor did it isomerize all-trans 
or ll-cis retinol. The dark isomerization of ll-cis retinal to all-trans 
retinal displayed saturable kinetics, with an apparent K of 2 X 10~^ H. 
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However, later studies have not supported a physiological role for this 
preparation [45,48]. 
In other studies of cis-isomer regeneration, it has been the 9-CÎ3 
retinal-containing analog isorhodopsin, rather than rhodopsin, which has 
been formed [49-52]. These isomerizing activities are related to agents 
such as bacterial contamination [53], oxidizable substrates, 
nucleophiles, or dihydroflavin [51,52]. 
More recently, Livrea et al. have reported the isomerization of 15-
[%]-all-trans retinal to ll-cls retinal by a heat-resistant factor from 
bovine retinal cytosol which is sensitive to protease and extractable 
with petroleum ether [54]. However, the amounts of 11-cis retinal 
produced are small, and because the analyses depended on thin-layer 
chromatography, which would be unlikely to resolve 11-cis from 9,13-cis 
retinal, it is quite possible that the isomer produced was not ll-cis 
retinal at all. Such an idea is supported by the authors' report of 5% 
ll-Cis retinal in the starting 15-[^H]-all-trans retinal, as it is 
unlikely that such a high proportion of the hindered 11-cis isomer could 
be formed by nonspecific thermal means. 
Still more recently, two laboratories have reported formation of 
11-cis retinol from ^H-all-tra/is retinol by homogenates of retinal 
pigment epithelium [55,56]. The activity is precipitable by 
centrifugation at 100,000 x g, and is sensitive to heat, trypsin and 
phenylmethylsulfonyl fluoride. Much lower levels of activity are present 
in retina than in retinal pigment epithelium, and the activity in 
homogenates of retina is presumed due to contamination with retinal 
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pigment epithelium. Both sets of authors were careful to confirm the 
identity of the 11-cis retinol formed, and there seems little reason to 
question the veracity of the findings. These papers are the first 
substantiated reports of all-trans to W-cia retinoid isomerase activity 
in homogenates or subcellular fractions from ocular tissues. 
The spatial locations of intracellular retinoid-binding proteins 
and of enzymes which act on Intermediates of the visual cycle offer 
important clues about the location of the retinoid isomerase and the 
cellular sites of various steps in the visual cycle. 
There are at least three dehydrogenases in the eye which act on 
retinol. There is a soluble alcohol dehydrogenase in the rod outer 
segments which also reduces retinal to retinol. It is similar to the 
alcohol dehydrogenase of liver, is NADH-dependent, and has a broad 
substrate specificity [57-59]. It is not known whether this enzyme is 
important in retinoid metabolism in vivo. A stereospecific membrane-
bound all-trans retinol dehydrogenase which is NADP-dependent is also 
present in the rod outer segments [38,60,61], and it is generally assumed 
that it is this enzyme which reduces the all-trans retinal released by 
photolysis of rhodcpsin. A third retinol dehydrogenase, which is 
stereospecific for 11-cis retinol, occurs in the retinal pigment 
epithelium [62-64]; It is also membrane-bound, but prefers NADH as 
cofactor. It has been suggested that this enzyme may function to reduce 
11-cis retinal salvaged from rhodopsin in phagocytosed fragments of rod 
outer segments [62], An 11-cis retinol dehydrogenase also occurs in the 
rod outer segments of amphibians, but not in mammalian outer segments 
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[40]. Thus, both frog and mammalian retinas can utilize exogenous 11-cis 
retinal to regenerate rhodopsin, but only frog retinas can do so with 
added 11-cis retinol [65]. 
At least three intracellular retinoid-binding proteins occur in the 
retina and RPE: CRABP (cellular retinoic acid-binding protein), CRBP 
(cellular retinol-binding protein) and CRALBP (cellular retinal-binding 
protein). The ligand specificity and cellular locations of these 
retinoid binding proteins provide important clues to understanding the 
metabolism of retinoids in the eye. CRABP carries primarily all-trans 
retinoic acid and occurs in the retina, but not in the retinal pigment 
epithelium [66]. Because retinoic acid has no known direct role in the 
visual cycle, and cannot be metabolically converted to either retinal or 
retinol, CRABP is also probably not directly involved in the regeneration 
of ll-cis retinoids, although it may well be important in maintaining the 
overall health and differentiation of retinal cells. 
On the other hand, CRBP binds all-trans retinol, a key intermediate 
in the visual cycle, almost exclusively [67], and occurs in the Muller 
cells of the retina, and in the retinal pigment epithelium, but not in 
the photoreceptors [68], CRABP and CRBP exhibit considerable sequence 
homology, but little immunological cross-reactivity, and also occur in 
many other cell types throughout the body [69]. 
CRALBP also occurs in the Muller cells and in the retinal pigment 
epithelium, but not in the photoreceptors [70,71], but it is specific for 
11-cis isomers of retinol and retinal [72]. In the retina, CRALBP 
carries a mixture of ll-cis retinal and retinol, but in the retinal 
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pigment epithelium, it is occupied almost exclusively by 11-cis retinal 
[66]. Because CRALBP is not at all ubiquitous, but is found only in the 
eye, it probably has a very important and specific role in the visual 
cycle. However, the exact nature of this role has yet to be elucidated. 
It is known that CRALBP does not transfer its ligand to opsin to form 
rhodopsin [73], but it may have a role in protecting 11-cis retinal from 
photoisomerization [70], and it may be involved in presenting 11-cis 
retinal to the 11-cis retinol dehydrogenase in the retinal pigment 
epithelium [64], as well as in carrying 11-cis retinol to the esterifying 
enzyme in the retinal pigment epithelium [70]. 
It is probably very significant that CRBP and CRALBP both occur in 
the Muller cells and the retinal pigment epithelium, but not in the 
photoreceptors, and both the Muller cells and the retinal pigment 
epithelium border on the subretinal space, where IRBP occurs. 
Problems in the analysis of retinoid isomers 
There are two primary categories of problems which may be 
encountered in the analysis of retinoid isomers. One is the lability of 
the isomers, which may be readily isomerized to other geometric isomers 
by either thermal or photochemical means. The other problem is the 
difficulty of separating the isomers, which differ little, within a 
functional class, except in molecular shape. 
To prevent artifactual isomerization, it is necessary to keep 
samples as cold as possible during storage and analysis, and to prevent 
exposure of the samples to isomerizing light. Even if the isomeric state 
of the retinoids is not of direct interest in a particular analysis, the 
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various geometric isomers have substantially different extinction 
coefficients, and artifactual isomerization may result in significant 
errors in quantitation. 
Reverse-phase chromatography is generally not very effective in 
separating geometric isomers, and adsorption chromatography, particularly 
on silica gel, has generally proven to be the most effective means of 
separating retinoid isomers. However, several difficulties occur with 
this approach. For some functional classes of retinoids, particularly 
retinol and retinal oxime, resolution of certain isomers within the class 
is difficult [74]. In addition, it is difficult to achieve simultaneous 
resolution of isomers from different functional classes in a single 
analysis. In some cases, this is because of interferences between 
isomers of different functional classes of similar polarities, such as 
retinol and retinal oxime [75], and in other cases, it is due to the 
large differences in polarity between some classes, such as retinol and 
retinyl esters. Such large differences in polarity make simultaneous 
resolution in an isocratic normal-phase system impossible, and the slow 
equilibration time of silica gel makes gradient normal-phase 
chromatography impractical, at least with underivatized silica-gel 
stationary phases. 
Early separations of retinoids and retinoid isomers were 
accomplished primarily by open-column chromatography on silica gel or 
alumina columns. Better resolution, especially of isomers, became 
possible with the development of TLC (thin-layer chromatography) on 
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silica or alumina plates. However, TLC has limitations in resolving 
power and sensitivity. 
In the late 1960s, a new technique, known as HPLC - high-
performance (or high-pressure) liquid chromatography - was introduced. 
Resolution and sensitivity superior to that available with open-column 
chromatography or with TLC became possible, and more recent developments 
in detection technology, column chemistry and geometry and available 
packing particle sizes have increased the efficiency of the technique 
still further. New theories of solvent/solute/stationary-phase 
interactions, and the availability of computers for modeling and 
optimization of chromatographic methods, as well as for data collection 
and analysis, make possible studies which were impossible, or at least 
impractical, a few years ago. 
Many earlier studies of regeneration of 11-cis isomers and of dark 
adaptation were based on spectral assay of rhodopsin, and were prone to 
error because of the similarity of the absorption spectra of rhodopsin 
and isorhodopsin, the 9-cfs retinal-containing analog of rhodopsin. In 
addition, such studies could not generally distinguish between conversion 
of all-trans retinoids to the 11-cis form, and mere utilization of 
endogenous pools of 11-cis retinoids. Analysis of all the retinoids in 
ocular tissues provides a much more definitive method for the study of 
the isomerase and regeneration of 11-cis retinoids during dark 
adaptation. 
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ABSTRACT 
A systematic approach to the optimization of solvents for 
separation of isomers of retinol by straight-phase HPLC is described. 
The optimum resolution of the 11-cis isomer from the I3-cis isomer 
required solvent characteristics different from those for the optimum 
resolution of the 9-ci3 isomer from the all-trans isomer. A compromise 
solvent composition produced good resolution of all four isomers in less 
than 12 minutes when used with an Excalibar column packed with 5-wm 
spherical silica. 
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INTRODUCTION 
In the eye, 11-cis retinaldehyde combines with opsin to form the 
active visual pigment rhodopsin, and 9-cis retinaldehyde can combine with 
opsin to form isorhodopsin, a similar (but nonphysiological) pigment. 
The various isomers of retinaldehyde are readily converted in the eye to 
the corresponding retinol isomers by retinol dehydrogenase. Thus, in 
studying the nature and specificity of regeneration of rhodopsin after 
bleaching, it is necessary to have a suitable technique for the 
separation and quantitation of retinol isomers. 
The complete separation of the major isomers of retinol by high-
performance liquid chromatography (HPLC) has proven difficult. The 
11-cis and 13-cis isomers tend to coelute in one peak, followed by the 
9-cis and all-trans isomers in the second peak. Stancher and Zonta [1] 
concluded that straight-phase HPLC produced better resolution of retinol 
isomers than reversed-phase HPLC, but were unable to achieve more than 
slight resolution of 9-cis from all-trans retinol. No data were given 
for the separation of 11-cis from 13-cis retinol. Bhat, Co and Lacroix 
[2] achieved good resolution of 11-cis from 13-cis retinol on Zorbax CN 
with 2-propanol in hexane as eluent; they also achieved good resolution 
of 9-cis from all-trans retinol by using 2-octanol in hexane as solvent 
and. a Zorbax CN column and a Partisil 10-OD5 column in series. 
Nevertheless, they were unable to achieve good resolution of both isomers 
simultaneously. Tsukida and coworkers [3] studied the resolution of 
isomers of retinol on silica in four different solvents but were unable 
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to achieve more than partial separation of all the isomers 
simultaneously. Bridges, Fong and Alvarez [4] were also able to achieve 
usable resolution of the ll-cis and 13-CJS retinol isomers in a gradient 
of dioxane in hexane on a Lichrosorb column, although no resolution of 
9-cis from all-trans was obtained. Paanakker and Groenendijk [5] 
reported baseline separation of 9-cis and all-trans retinol, as well as 
usable resolution of 11-cis and IS-cis retinol, on 5-um Si-60 packing 
with dioxane in hexane as eluent. Although this separation would be 
sufficient for our purposes, we have been unable to duplicate it with the 
Excalibar column (5-um spherical silica packing). In our hands, the 
9-cis isomer elutes close to all-trans retinol instead of being 
completely resolved as reported by Paanakker and Groenendijk. Because of 
the problems associated with these separation methods, which to the best 
of our knowledge were determined by empirical methods, we used a 
systematic approach to the optimization of elution solvent for the 
separation of retinol isomers in a straight-phase chromatographic system. 
A systematic approach to solvent optimization for the reversed-
phase separation of substituted naphthalenes was developed by Glajch 
et ai. [6] on the basis of the solvent classification scheme of 
Snyder [7]. Snyder classified solvents according to their action as 
proton donors, proton acceptors and strong dipoles, and proposed a 
quaternary solvent system of methylene chloride, ethyl ether, chloroform, 
and hexane in which varying the proportions of the individual solvent 
components should produce the full range of solvent strengths and 
selectivity possible for straight-phase chromatography. 
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In the present paper, this solvent optimization approach has been 
applied to the separation of isomers of retinol on straight-phase HPLC 
columns. 
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MATERIALS AND METHODS 
The chromatographic equipment consisted of a Constametrlc IIIG 
pump, Spectromonitor III variable wavelength UV-VIS detector (both from 
Laboratory Data Control, Riviera Beach, FL, U.S.A.), and a Rheodyne 
(Berkeley, CA, U.S.A.) 7125 sample injection valve. Columns used were a 
wPorasil silica 3.9 X 300 mm column (Waters Associates, Milford, MA, 
U.S.A.) and an Excalibar 5-ym silica 4.5 X 250 mm column (Applied 
Science, State College, PA, U.S.A.). Solvents obtained from Fisher 
Scientific (Pittsburgh, PA, U.S.A.) were filtered through a Millipore 
(Bedford, MA, U.S.A.) 0.45-um Fluoropore filter before use. Data 
analysis and plotting were performed with SAS and SAS/GRAPH software (SAS 
Institute, Cary, NC, U.S.A.). All procedures were carried out under 
Westinghouse (Minneapolis, HN, U.S.A.) F40 Gold fluorescent lamps, which 
emit little light of wavelength less than 500 nm. 
All-trans retinaldehyde obtained from Sigma Chemical Company (St. 
Louis, MO, U.S.A.) was dissolved in acetone and photoiaomerized in an ice 
bath by exposure to a 100 W incandescent lamp for 2 hours at a distance 
of 1 foot. Pure isomers of retinaldehyde were prepared by preparative 
chromatography of the resulting photoisomer mixture on an H9 Partisil-10 
9.4 X 500 mm column (Whatman Chemical Separation, Clifton, NJ, U.S.A.). 
Published straight-phase HPLC separations, such as the one in [5], agree 
on the elution order of isomers of retinaldehyde (13-cis first, followed 
by 11-cis, 9-cia and all-trans), and this sequence has been used as the 
primary means of isomer identification. To obtain retinol isomers, 
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solutions containing approximately 0.1 mg of the photoisomer mixture or 
of purified retinaldehyde isomers were evaporated under vacuum at 30° C 
in a Buchler (Fort Lee, NJ, U.S.A.) rotary evaporator, redissolved in 
1 ml methanol, and reduced with 1 mg NaBH^. After a few minutes, 1 ml of 
water was added, and the retinol isomers were extracted with 1 ml 
methylene chloride. Retinal oxime isomers were prepared according to 
Groenendijk et ai. [8] from photoisomerized retinaldehyde. Briefly, I M 
aqueous hydroxylamine (pH 6.5) was added to retinaldehyde isomers in 
methanol to produce a 10% methanol solution. This was then extracted 
with methylene chloride to obtain the retinal oxime isomers. Peak 
identification was based on the elution position of retinal oximes 
derived from purified individual retinaldehyde isomers. 
Pure samples of each retinol isomer were injected to determine 
retention times and peak widths. Identification of the retinol isomers 
was based on the identity of the retinaldehyde isomers from which they 
were derived. Retention times were determined automatically by using a 
Hewlett Packard (Avondale, PA, U.S.A.) 3390A integrator, whereas peak 
widths at base were measured manually from the integrator trace. The 
resolution of adjacent peaks was calculated as 
(1) R = 2( t2—12 )/( Wj^+W2 ) 
where t^, tg are the average retention times and w^, Wg are the average 
base peak widths of the two peaks. 
Methylene chloride, isopropyl ether (in place of ethyl ether) and 
chloroform were chosen as the polar modifers of the hexane mobile phase, 
in keeping with Snyder's suggestion [7]. The concentration of polar 
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modifying solvent in hexanes necessary to elute all-trans retinol in 
approximately 10 minutes was determined empirically. Retention times and 
peak widths for 9-ci3, ll-cis, 13-cis and all-trans retinol were obtained 
in each of the three primary solvents. Additional solvents were obtained 
by mixing the three primary solvents in various proportions, as shown in 
Table I. The choice of solvent mixtures to test was based on the 
experimental design suggested by Snee [9] and employed by Glajch 
et al. [6]. Equation (1) was used to calculate resolution values for the 
9-cis/all-tran3 and ll-cis/13-cis peak pairs in each of these solvents. 
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TABLE I. Solvent compositions used and resolution values obtained 
Solvent Fractional 
Composition 
Composition (%) Average R Values 
1 2 3 Isopropyl methylene 
ether chloride 
chloroform 11-cis/ 
13-cis 
9-cis/ 
all-trans 
1 1 .0 0 21.3 0 0 0.096 0.67 
2 0 1 0 0 75 0 0.43 0.051 
3 0 0 1 0 0 25 0.084 0.35 
4 1/2 1/2 0 10.6 37.5 0 0.43 0.26 
5 1/2 0 1/2 10.6 0 12.5 0.13 0.36 
6 0 1/2 1/2 0 . 37.5 12.5 0.68 0.20 
7 1/3 1/3 1/3 7.1 25 8.3 0.47 0.37 
8 2/3 1/6 1/6 14.2 12.5 4.2 0.43 0.40 
9 1/6 2/3 1/6 3.6 50 4.2 0.44 0.19 
10 1/6 1/6 2/3 3.6 12.5 16.7 0.29 0.49 
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RESULTS 
The resolution values obtained for each of the isomers in a given 
solvent system (Table I) were fitted to a quadratic model of resolution 
as a function of solvent composition. This model was then used to 
produce the contour plots shown in Figure 1. The best resolution of the 
9-cis/all-trans isomer pair is predicted to be obtained with 21.3% 
isopropyl ether in mixed hexanes, and the best resolution of the 
Il-cis/13-Cis pair is predicted to occur with 45% methylene chloride plus 
10% chloroform in hexanes. 
The optimum solvent composition for simultaneous resolution of all 
four retinol isomers on the wPorasil column was determined by manually 
overlaying the 9-cis/all-trans and ll-c;i3/13-cis resolution contour 
plots. The solvent composition chosen was 26% methylene chloride plus 
14% isopropyl ether in hexanes, which yields a methylene 
chloride:isopropyl ether ratio of 1.9. This solvent ratio was employed 
on the more efficient Excalibar column (S-um spherical packing) with a 
more favorable flow rate of 1 ml/min. The overall solvent strength was 
increased to elute all the retinol isomers in approximately 10 minutes. 
The chromatogram resulting from the use of 35% methylene chloride plus 
18,5% isopropyl ether in mixed hexanes is shown in Figure 2. Retention 
times for isomers of retinal oxime were also determined in each solvent 
combination tested. These are compared with the retention times obtained 
for the retinol isomers in the same solvents in Figure 3. Retinal oxime 
exists as syn and anti conformers, and the four main isomers of 
Figure 1. Trilinear contour plot of resolution of adjacent retlnol 
isomer peaks on the vPorasil column as a function of solvent 
composition. Numbers on the contour lines represent the value 
of R (equation 1) along the line. Solvent composition at 
vertices! CHL = 25% chloroform in mixed hexanes; MC = 15% 
methylene chloride in mixed hexanes; IPE = 21.3% isopropyl 
ether in mixed hexanes. represents the position of the 
predicted optimum solvent for simultaneous resolution of all 
four isomers (26% methylene chloride plus 14% isopropyl ether 
in mixed hexanes). (a) Resolution of 9-CJS from all-trans 
retinol. "0" represents the predicted optimum solvent 
composition for resolution of the 9-cis/all-trans isomer pair 
(21.3% isopropyl ether in mixed hexanes). (b) Resolution of 
ll-cis from 13-cjs retinol. "X" represents the predicted 
optimum solvent composition for resolution of ll-cis/13-cia 
isomer pair (45% methylene chloride plus 10% chloroform in 
mixed hexanes) 
(3) 9-cis/aH-trans 
IPE 
C30 
1:25 
(15 
.10 
CHL MC 
tb) 11~cis/13 "CIS 
IPE 
CHL MC 
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J VU 
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Figure 2. Separation of isomers of retinol on the Excalibar column (5-um 
spherical silica packing) using solvent conditions extrapolated 
from the overall optimum determined for the jjPorasil column. 
Solvent = 35% methylene chloride plus 18.5% isopropyl ether in 
mixed hexanes at a flow rate of 1 ml/min. Peak identification: 
1 = 11-ci's; 2 = 13-cfs; 3 = 9-cis', 4 = all-trans. The small 
peak between peaks 2 and 3 is a contaminant in the standard 
mixture, possibly 9,13-dici3 retinol 
Figure 3. Retention time maps for retinal oxime isomers and retinol 
isomers in different mobile phases. Flow rate was 3.0 ml/min 
on the yPorasil column. Mobile phase identification is as in 
Table I. The two circled points represent estimated retention 
times for retinal oxime isomers not identifiable in the isomer 
mixture in that particular mobile phase. Maps for retinal 
oxime isomers are shown with solid lines, while retinol isomers 
are mapped with dotted lines. Isomer abbreviations, in order 
of elution with solvent 1: SllRO = syn 11-cis retinal oxime: 
SATRO = syn all-trans retinal oxime; S13/S9RO = syn 13-cis and 
syn 9-cis retinal oxime (eluting In a single peak); A13R0 = 
anti 13-cis retinal oxime; AllRO = anti 11-cis retinal oxime; 
A9R0 = anti 9-CiS retinal oxime; AATRO = anti all-trans retinal 
oxime; llROL = 11-cis retinol; 13R0L = 13-cis retinol; 9R0L = 
9-cis retinol; ATROL = all-trans retinol. There are no 
reversals in elution order between isomers within a functional 
group 
Mobile 
Phase 
1 
3 
4 
5 
6 
7 
8 
9 
10 
0 
Retention time, in minutes 
W 
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retinaldehyde thus become eight retinal oxime isomers. The syn 9-cis and 
syn 13-cis isomers did not resolve under any of the conditions used in 
this study, so that the standard retinal oxime mixture was resolved into 
seven peaks. The retention times for mobile phase 2 (75% methylene 
chloride) are not presented in Figure 3 because the retinal oxime isomers 
were so poorly resolved in this solvent that peaks for the individual 
isomers in the standard mixture could not be distinguished. 
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DISCUSSION 
Separation of the 9-cis/aIl-trans pair requires almost opposite 
conditions from those required for separation of the ll-cis/13-cis isomer 
pair (see Table I and Figure 1). This observation agrees with results 
reported by Bhat, Co and Lacroix [2], In their study, which was 
conducted with a Partisil-lO-ODS and a Zorbax CN column in series, 
separation of 9-cis from all-trans retinol was favored by long-chain 
alcohols, whereas resolution of 11-cis from 13-cis retinol was favored by 
more polar solvent modifiers, such as dioxane. Methylene chloride was 
the most effective polar modifier for separating the ll-cis/13-cis pair 
in the present study, and we also have found that dioxane favors the 
resolution of the ll-c23/13-cjs pair of isomers on silica columns. 
Similarly, we have found isopropyl ether,as well as ethyl acetate, to be 
effective In separating the 9-cis/all-trans pair. Oddly, both ethyl 
acetate and dioxane, which exert opposite effects on the retinol isomer 
resolution, are in Snyder's solvent group Via and have very similar 
proton donor and dipole interaction parameters [7]. Thus, other factors, 
such as solvent-solute localization effects or hydrogen bonding 
interactions, must be affecting separation in this situation. Snyder has 
since modified both his analysis of the factors important in straight-
phase chromatography and his choice of solvents for an optimization study 
[ 1 0 , 1 1 ] .  
The same series of solvents used in the present study produced 
large changes in the retention times of retinol isomers relative to the 
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retention times of retinal oxime isomers (Figure 3). In contrast, the 
retention time for each isomer relative to other isomers of the same 
compound remained fairly constant. This type of optimization scheme thus 
seems more effective for separations of compounds with different 
functional groups than for separations of geometric isomers of the same 
compound, where the nature of the packing may play a more crucial role 
than the solvent. 
The overall resolution of the pPorasil (lO-jjm packing) column at a 
flow rate of 3 ml/min was not quite adequate for this difficult 
separation, such that resolution of a truly useful degree was not 
obtained for any of the solvents tested. Consequently, resolution data 
were most accurately obtained from injections of individual isomers 
rather than from direct analysis of an isomer mixture. Small variations 
in retention times between runs were troublesome, but fairly accurate 
data were obtained by making multiple injections of the pure isomers and 
using averages in the analysis. Despite these problems, the trace 
obtained with the Excalibar column (Figure 2) demonstrates the potential 
of this approach. It is particularly encouraging that the results 
obtained on the yPorasil column (lO-ym irregular silica packing) at 3 
ml/min flow were transferable with considerable success to the Excalibar 
column (5-wm spherical silica packing) at 1 ml/min flow. Although this 
may not be the absolute optimum solvent for this separation on the 
Excalibar column, the resolution is as good as, or better than, any 
obtained by us or by others [2-5] by nonsystematic approaches. 
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ABSTRACT 
Purified solutions of all-trans retinyl palmitate, retinol, and 
retinaldehyde in chloroform, methylene chloride, or hexane were exposed 
to white light or gold fluorescent light or were kept in the dark, and 
the resulting isomer distributions were analyzed by HPLC (high-
performance liquid chromatography). No significant isomerization of any 
of the retinoids was seen either in the dark or upon exposure to gold 
light in any of the solvents tested. However, a large amount of the 
9~cis isomer and only much smaller amounts of other da isomers were 
produced when retinol or retinyl palmitate in chloroform or methylene 
chloride solution was exposed to white light. The isomerization pattern 
of retinyl palmitate in chloroform was not altered by the addition of 
free-radical scavengers, addition of an organic base, or the substitution 
of deuteriochloroform for chloroform as solvent. Use of other polar 
solvents such as tetrahydrofuran, acetone, or methanol produced isomer 
distributions similar to those obtained in chloroform solution. Retinol 
and retinyl palmitate in hexane solution, on exposure to white light, 
were Isomerized much less extensively than in chloroform or methylene 
chloride and produced a significant amount of the 13-cjs, as well as the 
9-cis, isomer. Isomerization of retinaldehyde in chloroform or in 
methylene chloride solution under white light yielded 13-cfs, ll-cis, 
9-cis, and l-cia isomers, in order of decreasing amount, whereas in 
hexane solution, only the 13-cia and 9~ci3 isomers were produced in 
significant quantity. 
45 
INTRODUCTION 
Artifactual isomerization of retinoids in extracts of biological 
samples may cause several difficulties in analysis, including loss of 
sensitivity, errors in quantitation, and erroneous qualitative analysis 
if the particular isomers present in the sample are of direct interest. 
Hence, it is important that isomerization during extraction and sampling 
be avoided whenever possible. 
In a recent paper, Mulry et al. [1] reported enhanced isomerization 
of all-trans retinyl palmitate to cis isomers, particularly the 9-cis 
form, in chloroform and methylene chloride, as compared with hexane. 
This isomerization occurred on exposure to gold fluorescent light, but 
not in the dark. Because both gold fluorescent lighting and chlorinated 
solvents are used routinely in our laboratory, and because the light 
emitted by gold lamps (wavelengths > SOOnm) theoretically should not 
isomerize retinyl palmitate, we attempted to duplicate their results. 
Furthermore, the experimental design was expanded to include studies on 
the extent of isomerization of all-trans retinol and retinal, as well as 
of retinyl palmitate, in several solvents under white and gold 
fluorescent lights and in the dark. 
We also explored the mechanism of isomerization. Mulry et al. [1] 
postulated that the isomerization is due to "a photochemically induced 
free-radical reaction" in methylene chloride and chloroform on the basis 
that free radicals form readily in these solvents but not in hexane. We 
therefore examined the products of photoisomerization of retinyl 
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palmitate in the presence of free-radical scavengers and also tested the 
effects of hydrogen ion concentration on the isomerization process. In 
addition, photoisomerization of retinyl palmitate was carried out in 
several nonchlorinated polar solvents to test the effects of other 
solvent properties, such as polarity index, dielectric constant, 
refractive index, and dipole moment. 
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MATERIALS AND METHODS 
Solvents 
Use certified reagent grade methylene chloride, chloroform, hexane, 
acetone, ethyl acetate, acetonitrile, tetrahydrofuran, toluene, methanol, 
and 1,4-dioxane from Fisher Scientific Company (Pittsburgh, PA, U.S.A). 
Deuteriochloroform may be obtained from Aldrich Chemical Company 
(Milwaukee, WI, U.S.A.), Chloroform and 1,4-dioxane are carcinogenic 
substances and should be handled with care. No special treatment or 
repurification of solvents is necessary. All solvent mixtures are 
expressed as percentages by volume. 
Illumination 
For "white" light, use a combination of indirect sunlight (samples 
should be at least 10 feet from all windows) and white fluorescent 
F40/W 40 W lamps (Sylvania, Warren, PA, U.S.A.) at a distance of 1.9 m. 
Maximum intensity should be about 1 yM-cm~ -nm at 600 nm. For "gold" 
light, use either Sylvania or Westinghouse (Minneapolis, MN, U.S.A.) 
F40/G0 gold fluorescent 40 W lamps at a minimum distance of 1.85 m from 
the samples. Maximum intensity of illumination should be about 0.5 uW-
cm ^-nm ^ at 600 nm. An ISCO (Lincoln, NE, U.S.A.) Spectroradiometer SR 
may be used to obtain emission spectra of fluorescent lamps used in the 
isomerization experiments. All sunlight, white fluorescent light, and 
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unfiltered Incandescent light should be excluded from the room where 
sample exposure to gold light takes place. Any windows should be painted 
over or covered with opaque black paper or aluminum foil secured and 
sealed with silver duct tape. Dark control samples should be kept in a 
tightly sealed opaque black ice bucket or other container from which 
light can be excluded. This container should remain in the room used for 
"gold" exposure, and the lights should be turned off when removing 
samples from the container. A red darkroom safslight or a flashlight 
with a red filter may be used to facilitate sample handling when the 
fluorescent lights are off. All exposures or dark incubations should be 
carried out at room temperature. 
HPLC Methods 
Use a Constametric IIIG dual-piston reciprocating pump (Laboratory 
Data Control, Riviera Beach, FL, U.S.A*), a Rheodyne (Berkeley, CA, 
U.S.A.) 7125 injection valve with a 100-ul sample loop and an LDC 
Spectromonitor III or ISCO (Lincoln, NE, U.S.A.) variable wavelength 
absorption detector. Elution of retinol and retinyl palmitate should be 
monitored at 325 nm, and retinaldehyde detected at 350 nm. Use a 
Hewlett-Packard (Avondale, PA, U.S.A.) recording Integrator to obtain 
HPLC traces and to quantitate peak areas. Filter all HPLC solvents 
through a 47-mm (0.45-vim pore) Teflon filter using a Millipore (Bedford, 
MA, U.S.A.) filtration flask and a water aspirator as vacuum source. 
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For analytical chromatography, use an Excalibar 4.6 X 250 mm column 
with 5-Mm spherical silica packing (Applied Science, State College, PA, 
U.S.A.) and the appropriate solvent at 1.0 ml/min flow rate: for retinol 
isomers, use 12% ethyl acetate plus 2% dioxane in hexane; for retinyl 
palmitate isomers, use 0.5% ethyl acetate in hexane; and for 
retinaldehyde isomers, use 6.7% ethyl acetate plus 10% toluene in hexane. 
For semipreparative chromatography, use a Whatman Chemical 
Separation (Clifton, NJ, U.S.A.) M9 Partisil-10 9.4 X 500 mm column (10-
wm silica packing) and 25% ethyl acetate in hexane for retinol, 5% ethyl 
acetate in hexane for retinaldehyde, and 1% ethyl acetate in hexane for 
retinyl palmitate at a flow rate of 6 ml/min. 
Purification and Identification of Retinyl Palmitate Isomers 
Dilute 20 ml of 2 X 10 ^  M solution of all-trans retinyl palmitate 
in hexane with 100 ml of chloroform in a 500-ml Erlenmeyer flask and 
expose to white light for 48 h at room temperature. Evaporate the 
solution just to dryness under vacuum at 35° C in a Buchler rotary 
evaporator (Fort Lee, NJ, U.S.A.), and then redissolve in 5 ml of hexane. 
Concentrate this solution to 1.5 ml under a stream of argon and make 100-
m1 injections on the semi-preparative HPLC system. Collect fractions 
manually and pool corresponding fractions for ultraviolet absorption 
spectra and NMR (Nuclear Magnetic Resonance) analysis. Use a Shimadzu 
(Columbus, MA, U.S.A.) UV-240 scanning spectrophotometer to obtain 
absorption spectra of column fractions. 
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NMR of Retinyl Palmitate Isomers 
Evaporate the HPLC-purified retinyl palmitate isomer under vacuum 
just to dryness, as in the preceding section, and redissolve in 5 ml of 
deuteriochloroform. Remove the solvent under a stream of argon, as in 
the preceding section, and redissolve in 0.5 ml of deuteriochloroform. 
Transfer the solution to a 5 mm Wilmad 527 NMR sample tube (Wilmad Glass 
Company, Buena, NJ, U.S.A.) and add a single drop of deuteriochloroform 
containing 1% (v/v) tetramethylsilane (Aldrich Chemical Company, 
Milwaukee, MI, U.S.A.). Use a Nicolet NT300 (Madison, WI, U.S.A.) NMR 
spectrometer to obtain spectra of collected HPLC fractions. Transport 
the loaded sample tube to the spectrometer in'a lightproof container, and 
avoid exposure of the sample tube to white light while loading the sample 
into the instrument. 
General Procedure 
Obtain all-trans retinyl palmitate and retinaldehyde from Sigma 
Chemical Company (St. Louis, MO, U.S.A.). Retinol may be obtained by 
reducing all-trans retinaldehyde with NaBH^, using the procedure of 
Bridges and Alvarez [2]. Prepare a hexane solution of all-trans retinyl 
palmitate, retinal, or retinol to be isomerized. If necessary, purify by 
semipreparative HPLC using the appropriate solvent, as detailed under 
"HPLC methods". Measure the concentration of the retinoid solution 
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spectrophotometrically (see [3] for extinction coefficients) and adjust 
to 2.2 X 10"^ M. Pipette 1.8 ml of this stock solution into each of 
several 5 ml volumetric flasks, fill each to volume with one of the 
solvents to be tested, and mix the contents of each flask by repeatedly 
drawing in and expelling the solvent with a clean Pasteur pipette. From 
each flask, pipette 250 pi of the diluted solution into each of several 
12 X 75 mm disposable borosilicate tubes (Fisher Scientific Company, 
Pittsburgh, PA, U.S.A.) using a 250-jjl Hicroman positive-displacement 
digital pipette (Rainin Company, Voburn, MA, U.S.A.). One tube should be 
prepared for each combination of solvent type, exposure time, and light 
treatment. Plug all filled tubes with cork stoppers and proceed with 
light treatment. Remove the tubes from the light source after the 
appropriate period of time and evaporate the solvent using a stream of 
argon in a Pierce (Rockford, IL, U.S.A.) Reacti-Therm dry-block heating 
evaporator at approximately 35° C. Redissolve the retinoid in each tube 
with 250 ul of hexane and inject 10 ul into the HPLC system for analysis. 
Testing of the Effects of Deuteration, Acidity, and Free-Radical 
Scavengers 
Obtain d-a-tocopherol (RRR a-tocopherol) from Eastman Kodak Company 
(Rochester, NY, U.S.A., available through Fisher Scientific Company, 
Pittsburgh, PA, U.S.A.), ethylenediamine, hydrochloric acid, and 
hydroquinone from Fisher Scientific Company, and butylated hydroxytoluene 
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(BHT) from Sigma Chemical Company (St. Louis, MO, U.S.A.). Prepare the 
following solutions: 
1) To 100 ml of hexane, add 118 wl of concentrated HCl. 
2) To 100 ml of chloroform, add 105 m1 of ethylenediamine. 
3) Add 4.3 ml of a 6 X 10 ^ M solution of d-a-tocopherol in methanol 
to sufficient chloroform to make 100 ml. 
4) Add 4.3 ml of methanol to sufficient chloroform to make 100 ml. 
5) Add approximately 7 mg butylated hydroxytoluene to 100 ml 
chloroform. Let stand for several hours, then filter through 
Whatman 2V paper. 
. 6) Add approximately 5 mg hydroquinone to 100 ml chloroform. Allow to 
stand for several hours, then filter through Whatman 2V paper. 
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RESULTS AND DISCUSSION 
No significant iaomerization of all-trans retinyl palmitate 
occurred under gold light in methylene chloride, chloroform, or hexane 
solutions, even after exposure for 23 h (Figure la). Also, no 
isomerization was seen in the dark under similar conditions (data not 
shown). 
However, when all-trans retinyl palmitate solutions were exposed to 
white light, the results obtained were very similar to those obtained by 
Mulry et al. [I] under gold light (see Figure lb). Retinyl palmitate in 
hexane solution was isomerized to a lesser extent than in the chlorinated 
solvents, and a larger proportion of the resulting cia isomers were in 
the 13-cis configuration, although the 9-cis isomer was still 
predominant. In chloroform and methylene chloride, isomerization 
occurred fairly rapidly, and the final mixture contained approximately 
equal amounts of 9-cis and all-trans retinyl palmitate. In addition, a 
small amount of anhydroretinol was formed from retinyl palmitate in 
methylene chloride and chloroform (but not in hexane) under white light, 
but not to a detectable extent in the dark or under gold light. 
A similar experiment with all-trans retinaldehyde also showed no 
difference in the samples exposed to gold light for 5 h (Figure 2a) and 
those kept in darkness for the same time (data not shown). The small 
amount of 13-cis retinaldehyde detected in these samples was also present 
in the initial preparation, before exposure. Isomerization in white 
light, however, was rapid and extensive (Figure 2b). Two distinct 
Figure 1. Retinyl palmitate isomers resulting from the exposure of 
solutions of all-trans retinyl palmitate in methylene chloride, 
chloroform, or hexane to (a) gold light or (b) white light for 
23 h. HPLC conditions: Excalibar 4.6 X 250 mm column (5-jjm 
spherical silica packing); 0.5% ethyl acetate in hexane, 
1 ml/min; detection at 325 nm. Peak identification: 
1 = anhydroretinol; 2 = 13-cis retinyl palmitate; 3 = 9-cis 
retinyl palmitate; and A - all-trans retinyl palmitate 
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Figure 2. Retinaldehyde isomers resulting from the exposure of solutions 
of all-trans retinal in methylene chloride, chloroform, 
acetone, or hexane to (a) gold light or (b) white light for 
5 h. HPLC conditions: Excalibar 4.6 X 250 mm column (5—pm 
spherical silica packing); 10% toluene plus 6.7% ethyl acetate 
in hexane, 1 ml/min; detection at 350 nm. Peak, identification: 
1 = 13-ci3 retinaldehyde; 2 = 11-cis retinaldehyde; 3 = 9-cis 
retinaldehyde; 4 = l-cis retinaldehyde;and 5 = all-trans 
retinaldehyde 
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patterns of final isomer distribution were noted. In hexane, the 13-cis 
isomer accounted for most of the cia isomers present, with only a small 
amount of 9-cia and essentially no l-cis or 11-cfs. The isomer 
distribution patterns in acetone, methylene chloride, and chloroform were 
nearly identical to each other (13-cis > 11-cis > 9-cis > > l-cis), 
except that the amount of l-cia retinaldehyde formed was greatest in 
acetone, less in methylene chloride, and least in chloroform. These 
distributions of isomers after photoisomerization in hexane or in more 
polar solvents (acetone, methylene chloride, or chloroform) are very 
similar to those reported by Denny and Liu [4] for retinaldehyde in 
hexane or in more polar organic solvents (ethanol or acetonitrile), 
respectively. 
No isomerization was noted when all-trans retinol was exposed to 
gold fluorescent light for 6 h (Figure 3a) or kept in darkness for the 
same period (data not shown). The results of the photoisomerization of 
retinol in white light (Figure 3b) are essentially the same as those for 
retinyl palmitate. A large amount of 9-cis retinol, but relatively 
little of the other cis isomers, is formed in the chlorinated solvents; 
in hexane, most of the retinol remains in the all-trans configuration, 
and the ratio of 9-cis to 13-cis isomers is smaller than in the 
chlorinated solvents. A small amount of anhydroretinol is formed from 
retinol in both chloroform and methylene chloride, but not in hexane, 
under white light. Anhydroretinol formation from retinol in the dark or 
under gold light was detectable only in the methylene chloride solution. 
Figure 3. Retinol isomers resulting from the exposure of solutions of 
all-trans retinol in methylene chloride, chloroform, or hexane 
solution to (a) gold or (b) white light for 6 h. HPLC 
conditions: Excalibar 4.6 X 250 mm column (5-jjm spherical 
silica packing); 2% dioxane plus 12% ethyl acetate in hexane, 
1 ml/min; detection at 325 nm. Peak identification: 
1 = anhydroretinol; 2 = 13-cis retinol; 3 = 9-cis retinol; and 
A = all—trans retinol 
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The relative retention times, absorption maxima, and probable 
identities of the major isomers produced on exposure of all-trans retinyl 
palmitate in chloroform to white light are given in Table I. Peak 6 was 
seen as a minor constituent only in the large-scale preparation, which 
received extended exposure (48 h) to white light. 300-MHz NMR spectra of 
the two major isomers are shown in Figures 4 and 5, and the chemical 
shifts and coupling constants are summarized in Table II. The major cis 
isomer clearly is 9-cis, as evidenced by the large shift in the position 
of the 8H signal [5,6]. The absence of large shifts in the lOH, IIH, and 
12H signals indicates the lack of either an 11-cis or 13-cis bond in the 
molecule [6], thus excluding the possibility that the major isomer formed 
is 9,ll-dic2S or 9,13-dicis. The absorption spectra and relative 
chromatographic retention times are all consistent with this 
identification. 
Although the intensity of the gold light was approximately half 
that of the white light used in these experiments, the differences in 
intensity do not account for the differences in extent of isomerization. 
For example, no isomerization of retinyl palmitate was seen after 23 h of 
exposure to gold light, whereas the 9-cis isomer had a peak area about 
half as large as the all-trans peak after only 2.5 h of exposure to white 
light in chloroform or methylene chloride (data not shown). 
While it is possible that the gold lamps used by Mulry et ai. may 
have been defective and allowed some radiation of shorter wavelengths to 
escape, the rapid and extensive isomerization reported by these workers 
is almost identical to that which was found only under white light in the 
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Table I. HPLC retention times and UV abaorbance maxima of isomers of 
retinyl palmitate produced by exposure to white light in 
chloroform solution 
No. Rel. t ® 
r 
b 
A maximum Probable identity 
1. 0,45 350,367, 387 anhydroretinol 
2. 0.76 328 13-cis retinyl palmitate 
3. 0.81 324 9,13-dicis retinyl palmitate 
4. 0.87 322 9-cis retinyl palmitate 
5. 1.00 325 all-trans retinyl palmitate 
6. 1.21 332,348,367 isoanhydroretinol 
^Relative retention time is based on the elution of all-trans 
retinyl palmitate in 9.4 min (rel. t^ = 1.00) from a Whatman M9 
semipreparative (lO-pm silica) column with 1% ethyl acetate in hexane, at 
a flow rate of 6 ml/min. 
''Absorption maxima were determined in hexane solution. 
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Figure 5, 300-MHz NHR spectrum of 9-cis retinyl palmitate, taken at 22° C in 
deuteriochloroform, with tetrameth/lsilane as reference 
Table II. 300-MHz NMR data for all-trans and 9-cis retinyl palmitate 
Chemical shift (ppm) 
Isomer 15H 14H 12H IIH lOH 8H 7H 1CH3 5CH3 9CH3 13CH3 
All-trans 4.73 5.61 6.28 6.64 6.09 6.10 6.18 1.02 1.71 1.96 1.89 
9-cfs 4.72 5.6 6.21 6.73 6.00 6.62 6.18 1.04 1.74 1.96 1.88 
Coupling constants(Hz) 
Isomer J14,15 Jll ,12 JlO.ll J7.8 
All-trans 7.16 15. 1 11.3 16.4 
9-cfs 7.20 15. 06 11.3 15.94 
Spectra taken in deuteriochloroform, with tetramethylsilane as 
reference, at 22° C. 
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present study, and would be hard to account for on the basis of only 
small light leaks. In fact, small leaks of visibly "white" light around 
the ends of the tubes used in the present study were often detectable, 
but did not cause significant isomerization. Furthermore, the lighting 
used in the present experiment was produced by several lamps burning 
simultaneously, including both some manufactured by Sylvania and some by 
Westinghouse. Thus, while variations between individual tubes, batches, 
or manufacturers could possibly account for the differences between the 
results of the present study and those reported by Mulry et al,, such an 
occurrence seems unlikely. 
Because the effects investigated in this study were primarily 
qualitative, rather than quantitative, little attention was given to 
statistical analysis. However, the effects of gold and white light on 
retinyl palmitate isomerization are fully reproducible. In three 
separate experiments performed on different days, no isomerization of 
retinyl palmitate exposed to gold light in chloroform or hexane solution 
was detectable. In the same experiments, exposure of retinyl palmitate 
to white lights for periods ranging from 2.5 to 3 hours resulted in a 
minimum of 26% and a maximum of 51% conversion of the all-trans retinoid 
to the 9-cia isomer in chloroform solution, and a minimum of 3.5% and a 
maximum of 10% all-trans to 9-cis conversion in hexane solution. 
Addition of a-tocopherol, hydroquinone, or butylated hydroxytoluene 
to chloroform solutions of retinyl palmitate before exposure to white 
light had no significant effect on the distribution of isomers, relative 
to that seen in chloroform without additives (Table III). Although this 
Table III. Effect of solvent additives and deuteration on photoisomerization 
of retinyl palmitate 
Peak area ratios* 
Solvent Additive 13-cis/All-trana 9-cis/All-trans 
Hexane None 0.02 0.09 
Hexane 1 X 10"^ M HCl 0.07 0.09 
Chloroform None 0.02 0.84 
Chloroform 1.7 X 10 ^  M d-a-tocopherol 
+ A% Methanol 
0.01 0.84 
Chloroform Methanol 0.01 0.83 
Chloroform 2.6 X 10 ^ M hydroquinone 0.01 0.80 
Chloroform 1.02 X 10"^ H BHT^ 0.02 0.80 
Chloroform 1 X 10 ^  M ethylenediamine 0.04 0.83 
Deuteriochloroform None 0.01 0.83 
^After 180 min exposure to "white" light, as detailed under 
"Illumination" in "Methods" section of text. 
^BHT=Butylated Hydroxytoluene. 
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result does not exclude the possibility of a free-radical mechanism, it 
argues strongly against it, particularly since the concentration of these 
radical scavengers exceeded the concentration of the retinyl palmitate. 
An acid-catalyzed mechanism also seems unlikely, inasmuch as 
addition of the base ethylenediamine to chloroform had little effect on 
the isomerization pattern. Furthermore, addition of HCl to hexane did 
not result in an isomerization pattern more similar to that seen in the 
chlorinated solvents, but actually increased the amount of l3-cis isomer 
produced, while having little effect on the amount of 9-cia isomer 
formed. Admittedly, it is difficult to estimate exactly how much of the 
acid is in solution in the hexane, Just as it is difficult to know the 
actual proton concentration in the chloroform to which ethylenediamine 
had been added. Nonetheless, the results clearly do not support a 
mechanism involving acid catalysis. Deuteration of the chloroform also 
had no effect on the isomer distribution pattern resulting from exposure 
to white light (Table III). Furthermore, no difference between 
isomerization in chloroform or in deuteriochloroform was detectable after 
only 30 min of exposure, when the reaction was far from equilibrium (data 
not shown). Thus, a primary kinetic isotope effect on the reaction was 
not observed. The most likely site of an isotope effect would be 
hydrogen ion dissociation from the chloroform, and the absence of any 
effect suggests that the acidity of the solvent is not the critical 
factor in determining the extent of isomerization and the resulting 
isomer distribution or, at least, that it is not the rate-limiting step. 
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On the other hand, exposure of all-trans retinyl palmitate to white 
light in some solvents, such as tetrahydrofuran and methanol, resulted in 
the formation of large amounts of the 9-cis isomer and of only small 
amounts of the 13-cis isomer (Table IV). While the isomer distribution 
pattern is very similar to that resulting from photoiaomerization in 
chloroform, spontaneous production of free radicals or significant 
concentrations of hydrogen ions in these solvents seems unlikely. 
However, exposure of all-trans retinyl palmitate in acetonitrile to white 
light resulted in an isomer pattern similar to that resulting from 
isomerization in hexane solution (Table IV), despite the fact that 
acetonitrile has the highest polarity index of the solvents tested [7j. 
Therefore, the effect is not simply one of solvent polarity alone. 
Photoisomerization in acetone resulted in a ratio of 9-cis/l3-ci3 
intermediate between those produced in hexane and in chloroform, but with 
a high overall production of cis isomers. Me were unable to find any 
correlation between either the extent of trans to cis photoisomerization 
or the ratio of 9-cis to 13-cîs isomers resulting from photoisomerization 
of all-trans retinyl palmitate and any of the following solvent 
properties: dielectric constant, polarity index, refractive index, and 
dipole moment, at least for the solvents listed in Table IV. Possibly 
several solvent characteristics affect the outcome of photoisomerization, 
so that the effects of any one solvent parameter may be difficult to 
isolate. 
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Table IV. Solvent effects on retinyl palmitate iaomerization 
Solvent 
Peak area ratios^ 
13-cis/All--trans 9-ci3/All-trans 9-cis/13-cjs 
Chloroform 0.02 0.73 36 
Hexane 0.03 0.09 2.6 
Acetonitrile 0.05 0.21 4.2 
Tetrahydrofuran 0.007 0.50 76 
Acetone 0.09 0.84 10 
Methanol 0.01 0.47 40 
^After 6 h of exposure to "white" light, as detailed under 
"Illumination" in Methods section of text. 
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CONCLUSIONS 
In agreement with the results of Mulry et al. [1], we find: 1) that 
production of cis isomers during exposure to light is enhanced in 
chlorinated solvents, relative to hexane; and 2) that photoisomerization 
of all-trans retinyl palmitate in chlorinated solvents results in almost 
exclusive production of the 9-cis isomer. Photoisomerization of 
all-trans retinaldehyde in chlorinated solvents produced isomer 
distributions very similar to those for other polar solvents, with 
13-cis > 11-cis > 9-cJs > l-cis, whereas in hexane, the 11-cis and l-cis 
isomers are formed in only small amounts, as has been previously shown 
(reference 4, for example). 
In addition to these confirmatory results, we find that the isomer 
distribution resulting from the isomerization of all-trans retinol to be 
essentially identical to that obtained starting with all-trans retinyl 
palmitate, with very similar solvent effects for both the free alcohol 
and the ester. Also, the rate of formation of anhydroretinol from 
retinol or retinyl palmitate is increased in the chlorinated solvents, 
particularly under white light. 
However, in contrast to Mulry et al. [1], we find that 
isomerization occurs only on exposure to white light, and that no 
significant photoisomerization of all-trans retinyl palmitate, retinol, 
or retinaldehyde occurs under gold fluorescent light of moderate 
intensity, even after extended exposure, and regardless of the solvents 
employed. Our results suggest that the earlier report [1] of 
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photoisomerization of retinyl palmitate by gold fluorescent light may be 
due to inadequate exclusion of sunlight or of white fluorescent light 
during the experiment. 
We were unable to obtain any evidence supporting either an acid-
catalyzed or a free-radical mediated mechanism for the extent of 
iaomerization and resulting isomer distribution of retinol and retinyl 
palmitate in chlorinated solvents. However, there are strong solvent 
effects, and other common solvents produce isomer distributions similar 
to that seen in chloroform and methylene chloride. We were unable to 
correlate these solvent effects with any one physical parameter of the 
solvents examined. Therefore, the exact mechanism of the observed 
solvent effects on the photoisomerization of retinyl palmitate remains 
undetermined. 
If white light is present, retinoids in chloroform and methylene 
chloride are indeed more susceptible to photoisomerization than when in 
hexane solution, and formation of anhydroretinol from retinol or retinyl 
palmitate is increased in the chlorinated solvents. However, enhanced 
all-trans to cis photoisomerization also occurs in other common solvents, 
such as tetrahydrofuran, acetone, and methanol. Thus, the degree of 
exposure of a retinoid to white light seems to have a much greater effect 
on isomer production than the solvent in which the retinoid is dissolved. 
The "white" light used in this study was a mixture of indirect 
sunlight and white fluorescent light. The effect of white fluorescent 
lamps alone was not investigated, but some isomerization could be 
expected, because such lamps emit a significant amount of radiation in 
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the 300-400 nm range [8], and retinoids may be expected to absorb, and to 
possibly be isomerized by, light of such wavelengths. This is 
particularly critical to workers studying retinoids in ocular tissues, 
where retinaldehyde or retinal oximes, which absorb at longer wavelengths 
and are particularly likely to be isomerized by light between 350 and 400 
nm, are of interest. 
Gold fluorescent lighting of moderate intensity is much easier to 
work under than dim white light, and is also less likely to lead to 
isomerization. Furthermore, the gold lamps are readily available in 
standard fluorescent tube sizes, and the only real disadvantage of such 
lighting is that it disturbs color perception. On the other hand, 
isomerization can lead to inaccurate quantitation, because of differences 
in extinction coefficients for various isomers, particularly when the 
isomers are not being separated chromatographically. Therefore, we 
strongly recommend the use of gold fluorescent lighting and the exclusion 
of white light during preparation and analysis of retinoid samples. 
It is particularly important that daylight be excluded from the 
laboratory while retinoids are being analyzed. This is admittedly more 
difficult than simply changing lamp types, particularly if the laboratory 
has many large windows. If it is impossible to eliminate all sources of 
white light in the laboratory, then exposure of samples and standards to 
ambient light should be minimized by keeping them in dark or opaque 
containers at all times except when they are actually being manipulated 
or sampled. There seems to be little justification, however, for 
avoiding the use of any particular solvent as an extractant, provided 
white light is excluded from the work area. 
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RAPID, SIMULTANEOUS DETERMINATION OF ISOMERS OF 
RETINAL, RETINAL OXIME AND RETINOL 
BY HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 
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(Submitted to the Journal of Chromatography) 
Thirteen geometric iaomers of retinol, retinal and retinal oxime 
are resolved in a single chromatographic run on two 4 X 250 mm 5-wm 
Lichrosorb Si-60 columns in series, using 11.2% ethyl acetate, 1.4% 1-
octanol and 2% dioxane in hexane as the mobile phase. All the 11-cis and 
all-trans isomers of retinol and retinal oxime are completely resolved 
from each other and from the 9-cis and 13-cîs isomers. This 
chromatographic procedure should be particularly useful for quantifying 
geometric isomers of retinoids in methylene chloride/hydroxylamine 
extracts of biological samples such as ocular tissues. 
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INTRODUCTION 
Geometric isomers of retinoids are of critical importance in the 
visual cycle, and studies of the ocular metabolism of vitamin A require 
methods for the efficient extraction and analysis of retinoids in their 
endogenous geometric configurations. Extraction with methylene chloride 
does not isomerize the retinoids [1], and retinol and retinyl esters are 
efficiently extracted, but retinal is poorly recovered [2j. However, if 
the retinal is first derivatized with hydroxylamine, the resulting oximes 
can then be extracted with methylene chloride in good yield and with 
retention of isomeric configuration [2]. 
Unfortunately, the anti retinal oxime isomers tend to elute as 
broad, asymmetrical peaks, which can be difficult to detect and quantify, 
and they generally overlap with the isomers of retinol in most 
chromatographic methods. Although it is possible to quantitate only the 
syn oxime isomers and to assume that the isomeric composition of the syn 
isomers is representative of the retinal oxime composition as a whole, 
this assumption may not always hold [3,4]. Furthermore, quantitation of 
retinol isomers in the presence of interfering anti oxime peaks is 
troublesome, even if there is no need to quantify the anti oximes. 
Formation of the 0-methyl oximes or 0-ethyl oximes rather than the 
simple oximes eliminates the interferences between the anti oximes and 
retinol [5], but the 0-alkyl oximes are so much less polar than retinol 
that simultaneous resolution of the isomers of both retinol and the 0-
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alkyl oximes in an isocratic normal-phase HPLC (high-performance liquid 
chromatography) method is not practical. 
In addition to the interferences between the anti oxime isomers and 
the retinol isomers, separation of the isomers of retinol alone has 
proven difficult because the 11-cfs and 13-ci3 isomers tend to coelute, 
as do the 9-cis and all-trans isomers [6]. Although considerable 
progress in the chromatography of retinol isomers has been made in recent 
years [6,7], no one has previously addressed the problem of resolution of 
isomers of both retinol and retinal oxime in a single run, despite the 
fact that both these compounds generally coexist in extracts of 
hydroxylamine-derivatized retinas. 
Thus, analysis of retinoid isomers in tissue extracts requires: 
(1) efficient and nonisomerizing extraction of the retinoids, 
particularly retinal; (2) adequate resolution and peak symmetry within 
each functional class; and (3) elimination of interferences between 
isomers of different functional classes. The methylene 
chloride/hydroxylamine extraction method meets the first criterion, and 
we have met the other two by developing an HPLC method for the analysis 
of isomers of retinal, retinal oxime and retinol in a single run. This 
method provides adequate peak symmetry for the anti oxime isomers and 
completely resolves all the 11-cis and all-trans isomers of retinal, 
retinol and retinal oxime. 
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MATERIALS AND METHODS 
Laboratory Lighting 
All procedures were carried out in a room sealed from external 
light and illuminated with F40GO (Sylvania, Warren, PA, U.S.A., or 
Westinghouse, Minneapolis MN, U.S.A.) gold fluorescent lamps [8], except 
that dissection, homogenization and derivatization of bovine ocular 
tissues were performed under a Kodak (Rochester, NY, U.S.A.) lA red 
safelight. 
HPLC Methods and Equipment 
A Waters 510 solvent pump (Waters Associates, Milford, MA, U.S.A.) 
4 
was used, as well as an ISCO (Lincoln, NE, U.S.A.) V detector at 360 nm 
in series with a Laboratory Data Control (Riviera Beach, FL, U.S.A.) 
Spectromonitor III detector at 325 nm. The 360-nm signal from the ISCO 
detector was integrated with a Shimadzu (Columbia, MD, U.S.A.) C-R3A 
integrator, and the results of each run were stored in RAM memory in the 
integrator. The 325-nm signal from the LDC detector was integrated by 
using a Hewlett-Packard (Avondale, PA, U.S.A.) 3390A integrator. An 
Upchurch (Oak Harbor, WA, U.S.A.) guard column, filled with Whatman 
(Clifton, NJ, U.S.A.) Pellosil pellicular silica was used with two 
4 X 250 mm S-ym Lichrosorb Si-60 columns (E. Merck, Darmstadt, F.R.G.) in 
series. Injections were made manually with a 100-ul Hamilton (Reno, NV, 
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U.S.A.) syringe and a Rheodyne (Cotatl, CA, U.S.A.) 7125 sample injection 
valve. For preparative chromatography, two Laboratory Data Control 
Constametric III pumps were used with an Altex gradient mixing chamber to 
achieve the necessary flow rate. 
HPLC Solvents 
Mobile-phase solvent was mixed in 1-liter batches by using 20 ml 
dioxane, 14 ml 1-octanol and 112 ml ethyl acetate pluo enough hexane to 
produce 1000 ml of solvent mixture. The mixed solvents were filtered 
through a 47-mm 0.45-nm Teflon filter in a glass solvent filtration 
funnel (Millipore, Bedford, MÀ, U.S.A.), by using aspirator vacuum. All 
solvents were from Fisher Chemical (Pittsburgh, PA, U.S.A.), and the 
mixed solvent was used immediately after filtration. 
Preparation of Retinoid Standards 
100 mg All-trans retinal (Sigma, St. Louis, MO, U.S.A.) was 
dissolved in 500 ml acetone and photoisomerized on ice by exposure to a 
100-W incandescent bulb at a distance of 30 cm for 8 hours. The 
resulting mixture of isomers was concentrated just to dryness in a 
Buchler (Fort Lee, NJ, U.S.A.) rotary evaporator and redissolved in 10 ml 
50% ethyl acetate. Pure retinal isomers were isolated from this mixture 
by chromatography on a Whatman M20 20 mm X 50 mm lO-um silica column 
eluted with 5% ethyl acetate in hexane at a flow rate of 18 ml/min. The 
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corresponding isomer fractions from several runs were pooled, and the 
solvent was evaporated in a Buchler rotary evaporator. Proton NMR 
spectra were taken in CDCl^ on a 300-MHz Nicolet (Madison, WI, U.S.A.) 
spectrometer to confirm isomer identities. The pure retinal isomers were 
reduced with NaBH^ (Fisher) to the corresponding retinol isomers [9], and 
the corresponding retinal oxime isomers were prepared by reaction with 
hydroxylamine (Fisher) [2]. Similarly, mixtures of retinol or retinal 
oxime isomers were prepared by reduction or derivatization of the 
original retinal isomer mixture resulting from photoisomerization. Pure 
syn or anti retinal oximes for standard curves were prepared by using the 
system used for retinal isomer purification, except 20% ethyl acetate was 
used as the mobile phase. 
9,13-Cis retinyl palmitate was prepared by isomerization of 
all-trans retinyl palmitate (Sigma) in hexane in the presence of iodine 
and was subsequently isolated by chromatography on a Whatman M20 column 
eluted with 0.75% ethyl acetate in hexane, at a flow rate of 19 ml/min. 
Concentration and identification of the isomer by proton-NMR [0] were 
performed as for retinal isomers, and 9,13-cis retinol was prepared by 
reduction of the ester with LiAlH^ (NOAH Chemical, Farmingdale, NY, 
U.S.A.). 9,13-cis Retinal was prepared by oxidation of the retinol with 
MnOg (BDH Chemical, Poole, England) [9], and the 9,13-CJS retinal oxime 
isomers were then prepared by reaction of the retinal with hydroxylamine. 
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Extraction of Retinas 
Retinas dissected from isolated bovine eyes under a red safelight 
were each placed in separate 4.5-ml Cryotubes (A/S NUNC, Rodkilde, 
Denmark) and extracted as follows: Hanks' buffer (250 jjl, pH 6.5) and 
700 yl methanol plus 50 vil aqueous 1 M hydroxylamine (pH 6.5) were added 
to each tube. The tube was chilled in a bath of ice and methanol and 
homogenized 15 seconds with a Tekmar (Cincinnati, OH, U.S.A.) Model TR5T 
homogenizer at a speed of "30." The homogenizer probe was rinsed by 
briefly homogenizing a mixture of 700 wl methanol plus 50 nl 1 M aqueous 
hydroxylamine and 250 ul Hanks' buffer. The rinsings were pooled with 
the homogenate, and the Cryotube was capped and mixed briefly on a vortex 
mixer; the tube was then allowed to stand for 10 minutes at room 
temperature before extraction. Methylene chloride (1.0 ml) and water 
(1.0 ml) were added to the derivatized homogenate under gold fluorescent 
lighting. After brief mixing, the tube was centrifuged at about 2000 x g 
for 10 minutes in a Sorvall RT6000 refrigerated centrifuge (Du Pont, 
Newtown, CT, U.S.A.). The lower methylene chloride layer was then 
collected with a Pasteur pipette, and the extraction procedure was 
repeated twice for a total of three extractions. Butylated 
hydroxytoluene (Sigma) was added (0.1 mg/ml) to the methanol and 
methylene chloride used in the extraction to prevent oxidation of the 
retinoids. Any residual water was carefully removed from the surface of 
the extract with a Pasteur pipette, and the solvent was evaporated under 
a stream of argon. The residue was redissolved in 500 jjl of 11.2% ethyl 
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acetate + 2% dioxane + 1.4% 1-octanol in hexane, and a small amount of 
sodium sulfate was added. The extract was then allowed to stand at least 
one hour at -20° C, after which it was centrifuged at approximately 1000 
X g for 10 minutes in a refrigerated centrifuge and then filtered through 
a 0.45-wm pore Aero LC13 13-mm syringe filter (Gelman Sciences, Ann 
Arbor, MI, U.S.A.), by using a Hamilton gas-tight syringe. Injections 
(50 wD of the extract were then used for HPLC analysis. 
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RESULTS 
In the chromatographic method developed by us, 13 isomers of 
retinol, retinal and retinal oxime are completely resolved in a single 
run (Figure 1 and Table I). The 9-CJ's and 11-cis isomers of retinal were 
only partially resolved, however, and the syn 9-cis and syn 13-cis 
retinal oxime isomers commonly, but not invariably, coeluted. Several 
other isomers of retinol and retinal oxime, denoted by letters in Figure 
1 and Table I, were found to elute with or close to some of the resolved 
isomers. Because these 7~cis and dicis isomers do not generally occur in 
significant quantities in biological samples, they cause no difficulties 
during the analysis of tissue extracts. 
All-trans retinol, 11-cis retinol and the syn and anti isomers of 
all-trans and 11-cis retinal oxime are all completely resolved by this 
method (Figure 1). Thus, standard curves for all six compounds were 
determined simultaneously at both 325 nm and 360 nm. Their slopes, 
intercepts and the corresponding extinction coefficients at both 
wavelengths are shown in Table II. 
The intercepts generally represent an error of about 1 picomole, 
except for all-trans retinol at 360 nm, where the error amounts to about 
7 picomoles, and the limit of detection was generally 2-3 picomoles. 
Because at least 20 picomoles of most mono-cis isomers are found in 
injections of one-tenth of the total extract from single bovine eyes, the 
intercept correction poses few problems. Although the correlation 
between quantitative values calculated for 325 nm and for 
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OPTICAL 
DENSITY 
RETENTION TIME, IN MINUTES 
Figure 1. Resolution of retinol, retinal and retinal oxime isomers on 
two Lichrosorb 4 X 250 mm 5-wm Si-60 columns in series. Mobile 
phase was 11.2% ethyl acetate, 2% dioxane and 1.4% 1-octanol in 
hexane, at a flow rate of 1 ml/min, and detection was by 
absorbance at 325 nm. Peak identities are given in Table I 
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Table I. Identification of peaks in figures 
Peak^ Compound Peak^ Compound 
0 Retinyl esters 13 anti 9-cis retinal oxime 
1 13-cis retinal 14 9,11-cis retinol + 
2 11-cis retinal 9,13-cis retinol 
3 9-cia retinal 15 anti all-trans retinal oxime 
4 1-cis retinal 16 9-cis retinol 
5 all-trans retinal 17 all-trans retinol 
6 syn 11-cis retinal oxime A syn 9,11-cis retinal oxime 
7 syn all-trans retinal oxime B syn l-cis retinal oxime 
8 syn 9-cis retinal oxime + C syn 9,13 retinal oxime 
syn li-cis retinal oxime D anti 9,13-cis retinal oxime 
9 anti l3-ci3 retinal oxime E anti 9,11-cis retinal oxime 
10 anti 11-cis retinal oxime F anti l-cis retinal oxime 
11 11-cis retinol G l-cis retinol 
12 13-cis retinol 
^Numbered peaks represent compounds detectable in Figure 1 or 
Figure 2i additional retinoids whose retention positions have been 
determined are identified with letters. 
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360-nm data was relatively good, the 325-nm values were generally used 
for retinol quantitation, and the 360-nm values for quantifying retinal 
oximes. 
A strong linear correlation was found between the slope of the 
standard curves and the extinction coefficient [10,11] of each compound 
at each of the detection wavelengths (Figure 2). Thus, differences in 
peak width and peak shape for the various isomers and the effects of 
polar additions to the hexane solvent (which could conceivably alter the 
extinction coefficients) do not significantly disturb quantitation. 
Because, in all likelihood, a similar correlation exists for the 9-cis 
and 13-ci3 isomers, standard curve slopes for quantifying the 9~cÎ3 and 
13-cis isomers were estimated from the extinction coefficients for these 
1% 
species. On the basis of previously reported Ej ^ rnSpectra [11], the 
—1 —1 following molar extinction coefficients (M cm ) at 325 nm were used: 
syn + anti 9-cis retinal oxime(37700), syn + anti 13-cis retinal 
oxime(35300), 9-cis retinol(43400), and 13-cis retinol(47300). 
Similarly, the molar extinction coefficients used at 360 nm were: syn + 
anti 9-cis retinal oxime(47900), syn + anti 13-ci3 retinal oxime(47900), 
9-cis retinol(7161), and 13-cis retinol(12900). 
Because the syn 9-cis and syn 13-cis retinal oximes were at best 
only partially resolved by this system, it was necessary to assume that 
the syn/anti ratio is the same for both 13-cis and 9-cis retinal oxime 
and to estimate the "peak areas" of the unresolved syn 9-cis and syn 13-
cis retinal oximes from the areas of the resolved anti oxime peaks. 
Thus, the area of syn 9-cis retinal oxime was calculated by multiplying 
Figure 2. Correlation of molar extinction coefficients in hexane and 
integrated peak areas for all-trans and 11-cis isomers of 
retinol and retinal oxime. Standard curve slopes and 
extinction coefficients plotted are the same as in Table 1. 
Correlation coefficients are r = 0.998 for the 360-nm data, and 
r = 0.995 for the 325-nm data 
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TABLE II. Standard curve data and molar extinction coefficients for 11-
ciâ and all-trana isomers of retinol and retinal oxime 
325 nm* 360 b nm 
Compound^ slope® intercept^ ,4 slope® intercept^ 
anti 11-cis RO 19600S 8590 4160 29600^ 1620 -1500 
ayn ll-cis RO 25700® 11900 7480 35000^ 1940 -1200 
anti all-trana RO 28700®' 12800 -1470 51600^ 2980 -3670 
syn all-trans RO 32900® 14300 15600 54900^ 2950 -2030 
ll-cis ROL 34100^ 16200 -6990 5930® 354 -477 
all-trans ROL 52100^ 23400 -28600 10300® 563 -4000 
LDC Spectromonitor III detector and a Hewlett-Packard 339ÛA 
integrator were used. 
^An ISCO detector and a Shimadzu C-R3A integrator were used. 
'^RO = retinal oxime; ROL = retinol. For ail six standard curves, 
r> 0.999. 
'^Molar extinction coefficient, M~^cm~^, in hexane. 
^Expressed as [integrated area/picomole]. Area units are dependent 
on the combination of detector and integrator used. 
^Expressed as integrated area. Area units are dependent on the 
combination of detector and integrator used. 
^Extinction coefficients calculated from spectra of purified 
standards (taken in our laboratory), based on maximal extinction 
coefficients in Groenendijk et ai. [10]. 
^Extinction coefficients from Groenendijk et ai. [10]. 
^Extinction coefficients calculated from E?^__data of Hubbard [11]. 
X Cm 
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the area of the peak containing syn 9-cis retinal oxime and syn 13-ci3 
retinal oxime by the 9-cis/(.9-cis + l3-cis) peak area ratio for the anti 
oxime isomers. An analogous calculation was done to obtain the area for 
syn 13-cis retinal oxime. The total syn + anti areas for 9-cis and for 
13-cis retinal oxime were then calculated by summing the estimated syn 
area and the actual anti peak area for the respective 9-cis and 13-cis 
isomers. Picomoles of the 9-cis and IS-ciS retinal oximes were estimated 
by dividing the respective syn + anti areas by the corresponding 
estimated standard curve slopes. Comparison of the results of similar 
calculations for the 11-cis and all-trans retinal oximes with the 
quantities calculated directly from standard curves showed discrepancies 
of less than 10%. 
HPLC traces at 360 nm are shown for extracts from two eyes from a 
single cow, after bleaching on ice with light of A>500 nm, followed by 
incubation on ice in the dark for one eye (Figure 3A) and incubation at 
30° C in the dark for the other (Figure 3B). By subtracting the HPLC 
profile of the cold-incubated eye from the profile of the eye incubated 
at 30° C (using the baseline correction function of the integrator) a 
"difference chromatogram" for the pair of eyes was obtained (Figure 3C). 
Such a difference plot allows an immediate assessment of the extent to 
which regeneration has occurred in the warm-incubated eye-cup. The 
difference plot in Figure 3C shows a clear increase in syn and anti 
11-cis retinal oxime isomers (peaks 6 and 10) and a concomitant decrease 
in all-trans retinol (peak 17) and in retinyl esters (peak 0). The 
decreases in all-trans retinol and in retinyl ester appear much smaller 
Figure 3. Elution profiles for extracts of retinas from a pair of bovine 
eyes from the same animal. Both eyes were hemisected and 
filled with buffer, then bleached on ice with light from a 00 
Kodak safelight (100-W incandescent lamp), which emits 
essentially no light of shorter wavelengths than 500 nm. Both 
eyes were then incubated in the dark for one hour, either on 
ice (A) or at 30® C (B). In (C), the chromatogram in (A) was 
subtracted as a baseline correction from the chromatogram in 
(B), to give a "difference chromatogram" showing the net 
changes resulting from incubation at 30® C, relative to the 
chilled eye. Chromatographic conditions were as in Figure 1, 
except detection was at 360 nm. Peak identities are as in 
Table I and Figure 1 
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than the increase in 11-cis retinal oximes because retinol and its ester 
were detected here at 360 nm, where they absorb poorly. After correction 
for differences in absorbancy, the total increase at 30° C in 11-cis 
retinal oximes was calculated to be 4.2 nanomoles/eye, whereas all-trans 
retinol decreased by 2.6 nanomoles/eye, 11-cis retinol decreased by 0.4 
nanomoles/eye and retinyl esters decreased by approximately 0.9 
nanomoles/eye, for a total decrease in retinol and retinyl esters of 3.9 
nanomoles/eye. It should be noted that the two sample extracts to be 
compared by such difference chromatograms should be run consecutively to 
minimize the effect of drift in retention time. Otherwise, peaks in the 
difference plot might well be split into positive and negative 
components, which complicates subsequent analysis. 
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DISCUSSION 
Adequate resolution of geometric isomers of retinoids is best 
accomplished on normal-phase silica columns [12], and both the nature of 
the packing and the composition of the mobile phase strongly affect the 
selectivity of the system for various isomers. The method described here 
is the result of testing many combinations of 1-octanol, dioxane, ethyl 
acetate, toluene and isopropanol on several different columns. In 
general, the Merck Lichrosorb Si-60 packing seems to be one of the best 
for resolution of retinoid isomers, based both on results from our 
laboratory and on other published reports [3,7,13,14], and the use of 
long chain alcohols, particularly 1-octanol, in the mobile phase has 
proven advantageous for the separation of isomers of retinol [7,15]. 
Changes in selectivity resulting from modification of the mobile 
phase are even stronger between retinoids of different oxidation states 
(e.g., retinal, retinol and retinal oxime) than for geometric isomers of 
the same compound [6]. Thus, the challenge in designing a method such as 
the one presented in this paper is to adjust the elution position of the 
different retinoid classes so as to minimize interferences while 
simultaneously maintaining adequate resolution of the different isomers 
within each class. The similarity in apparent polarity of the anti 
retinal oxime isomers and the retinol isomers makes this a particularly 
complex problem. For example, some solvent systems cause all the retinol 
isomers to elute after all the anti oxime isomers [16], but adequate 
resolution of retinol isomers is not obtained in such systems. Thus, the 
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described method represents a compromise. Although isomers of retinal, 
[7,17] of retinol [13] or of retinal oxime [3] can be better resolved by 
other HPLC methods, none of these other systems is suitable for the 
simultaneous analysis of isomers of retinol, retinal and retinal oxime in 
a single sample run. 
In our procedure, the use of two columns in series gave better 
resolution than that obtainable on most single-column systems. Because 
the analysis time was kept manageable by use of a more polar mobile phase 
without increasing the flow rate, the sensitivity is still comparable to 
that of a single-column method. The results of this method cannot be 
duplicated by simply halving all polar solvent modifier concentrations 
and using a single column at the same flow rate (data not shown). A very 
different selectivity occurs, presumably because of the nonlinear 
relationship of solvent strength and concentration [18] for each of the 
polar mobile phase components. 
The delicate balance of selectivity factors used in this method is 
easily disturbed, particularly by moisture in the sample solvent or in 
the mobile phase. It is thus critical that the sample extracts be dried 
thoroughly (as with anhydrous sodium sulfate) before analysis and that 
the solvents used for the mobile phase not be unduly exposed to humid 
atmospheres. No attempt was made in this study to maintain a given water 
content in the mobile phase, as recommended by Snyder and Kirkland [19], 
although such precautions may sometimes be necessary. Such an addition 
of water would require adjustments in the mixture of polar modifiers in 
the mobile phase if the same overall selectivity is to be maintained. 
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lb is also essential that the column be thoroughly equilibrated 
with mobile phase before analyses are begun. In our laboratory, 0.5 to 1 
liter of mobile phase is generally pumped through the column during the 
night before analyses are to begin the following day. In addition, it 
seems prudent to dedicate the columns, if at all possible, to this 
mobile-phase system alone. In any case, the columns should be stored 
tightly capped or plugged, and the sample solvent should be identical to 
the mobile phase. 
An alternative approach to the analysis of retinal isomers in the 
presence of retinol isomers is to displace retinal from Schiff bases with 
excess formaldehyde and then to extract retinal as the free aldehyde 
[20]. This procedure suffers from the disadvantages of slightly smaller 
recoveries of retinal and increased danger of artifactual isomerization, 
inasmuch as free retinal is more easily isomerized than retinal oxime 
[11], but it does produce a less complex final extract. The HPLC method 
described here, which simultaneously resolves retinal and retinol 
isomers, might also be useful in this case. 
In conclusion, this method provides a very satisfactory separation 
of all of the 11-cis and all-trans isomers of retinol, retinal and 
retinal oxime while also providing resolution of most of the 9-cis and 
13-cis, as well as some of the dicis isomers of these compounds. The 
method is quite applicable to the analysis of extracts of retina or 
pigment epithelium, and retention times are sufficiently reproducible to 
allow generation of accurate difference plots of consecutively analyzed 
samples. Most importantly, the problem of coelution of anti retinal 
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oxime isomers and retinol isomers is solved by adjusting the elution time 
of each isomer in such a way as to minimize all critical interferences. 
Analysis of various isomerization reactions of retinoids in nature, and 
particularly of the enzymatic transformation of all-trans to 11-cis 
vitamin A in the eye [21-23], may well benefit from this procedure. 
101 
ACKNOWLEDGEMENTS 
This work was supported by a grant from the National Institutes of 
Health (ROl EY 03677). Journal Paper No. J-12851 of the Iowa Agriculture 
and Home Economics Station, Ames, lA, U.S.A., Project No. 2534. 
Preliminary studies on the use of this procedure in analyzing the 
formation of 11-cis vitamin A in various preparations of the bleached 
bovine eye in vitro have previously been reported [24,25], 
102 
REFERENCES 
F. G. Pilkiewitz, M. J. Pettei, A. P. Yudd and K. Nakanlshi. 1977. 
A simple and non-isomerizing procedure for the identification of 
protein-linked retinals. Exp. Eye Res. 24:421-423. 
G. W. T. Groenendijk, W. J. de Grip and F. J. M. Daemen. 1980. 
Quantitative determination of retinals with complete retention of 
their geometric configuration. Biochim. Biophys. Acta 617:430-438. 
K. Tsukida, M. Ito, T. Tanaka and I. Yagi. 1985. High performance 
liquid chromatographic and spectroscopic characterization of 
stereoisomeric retinaloximes. Improvements in resolution and 
implications of the method. J. Chromatogr. 331:265-272. 
N. A. Sokolova, B. I. Mitsner, N. Yu. Gorina and R. P. Evstigneeva. 
1978. Retinal oximes. Biorg. Khim. 4:956-960. 
F. J. G. M. van Kuijk, G. J. Handelman and E. A. Dratz. 1985. 
Rapid analysis of the major classes of retinoids by step-gradient 
reversed-phase high-performance liquid chromatography using retinal 
(0-ethyl) oxime derivatives. J. Chromatogr. 348:241-251. 
G. M. Landers and J. A. Olson. 1984. Statistical solvent 
optimization for the separation of geometric isomers of retinol by 
high-performance liquid chromatography. J. Chromatogr. 291:51-57. 
F. Zonta and B. Stancher. 1984. High performance liquid 
chromatography of retinals, retinols (vitamin A^) and their dehydro 
homologues (vitamin Ag): improvements in resolution and spectroscopic 
characterization of the stereoisomers. J. Chromatogr. 301:65-75. 
103 
G. M. Landers and J. A. Olson. 1986. Absence of isomerization of 
retinyl palmitate, retinol and retinal in chlorinated and 
nonchlorinated solvents under gold light. J. Assoc. Off. Anal. Chem. 
69:50-55. 
C. D. B. Bridges and R. A. Alvarez. 1982. Measurement of the 
vitamin A cycle. Methods Enzymol. 81:463-485. 
G. W. T. Groenendijk, P. A. A. Jansen, S. L. Bonting and F. J. M. 
Daemen. 1980. Analysis of geometrically isomeric vitamin A 
compounds. Methods Enzymol. 67:203-220. 
R. Hubbard. 1956. Geometrical isomerization of vitamin A, retinene 
and retinene oxime. J. Am. Chem. Soc. 78:4662-4667. 
B. Stancher and F. Zonta. 1982. Comparison between straight and 
reversed phases in the high-performance liquid chromatographic 
fractionation of retinol isomers. J. Chromatogr. 234:244-248. 
B. Stancher and F. Zonta. 1984. Quantitative high performance 
liquid chromatographic method for determining the isomer distribution 
of retinol (vitamin A^) and 3-dehydroretinol (vitamin A2) in fish 
oils. J. Chromatogr. 312:423-434. 
J. E. Paanakker and G. W. T. Groenendijk. 1979. Separation of 
geometric Isomers of retinyl ester, retinal and retinol, pertaining 
to the visual cycle, by high-performance liquid chromatography. 
J. Chromatogr. 168:125-132. 
P. V. Bhat, H. T. Co and A. Lacroix. 1983. Effect of 2-alkanols on 
the separation of geometric isomers of retinol in non-aqueous high 
performance liquid chromatography. J. Chromatogr. 260:129-136. 
104 
M. Azuma and K. Azuma. 1984. Chromophore of a long-lived 
photoproduct formed with metarhodopsin III In the Isolated frog 
retina. Photochem. Photobiol. 40:495-499. 
R. Bruenning, F. Derguini and K. Nakanishi. 1986. Rapid high-
performance liquid chromatographic analysis of retinal mixtures. 
J. Chromatogr. 361:437-441. 
L. R. Snyder. 1983. Mobile phase effects in liquid-solid 
chromatography. Importance of adsorption-site geometry, adsorbate 
delocalization and hydrogen-bonding. J. Chromatogr. 255:3-26. 
L. R. Snyder and J. J. Kirkland. 1979. Introduction to Modern 
Liquid Chromatography. 2nd ed. Wiley-Interscience, New York. 
T. Suzuki, Y. Fujita, Y. Noda and S. Miyata. 1986. A simple 
procedure for the extraction of the native chromophore of visual 
pigments: the formaldehyde method. Vision Res. 26:425-429. 
P. S. Bernstein and R. R. Rando. 1986. In vivo isomerization of 
all-trans to 11-cis retinoids in the eye occurs at the alcohol 
oxidation state. Biochemistry 25:6473-6478. 
P. S. Bernstein, W. C. Law and R. R. Rando. 1987. Isomerization of 
all-trans retinoids to 11-cis retinoids in vitro. Proc. Natl. Acad. 
Sci. USA 84:1849-1853. 
C. D. B. Bridges and R. A. Alvarez. 1987. The visual cycle 
operates via an isomerase acting on all-trans retinol in the pigment 
epithelium. Science 236:1678-1680. 
105 
G. M. Landers and J. A. Olson. 1987. Factors influencing the 
regeneration of 11-cis retinaldehyde from endogenous all-trans 
retinoids in intact eye-cups, isolated retinas and tissue homogenates 
prepared from excised bovine eyes. Fed. Proc., Fed. Am. Soc. Exp. 
Biol. 46:1188. 
G. M. Landers and J. A. Olson. 1987. Regeneration of 11-cis 
retinaldehyde from all-trans retinoids in intact eye-cups, isolated 
retinas and tissue homogenates prepared from excised bovine eyes. 
Invest. Ophthalmol. Visual Sci. 28:251. 
106 
SECTION IV. 
ISOMERIZATION OF ALL-TRANS RETINOIDS TO 
THE 11-CIS CONFIGURATION IN OCULAR TISSUES 
107 
ISOMERIZATION OF ALL-TRANS RETINOIDS TO 
THE ll-CIS CONFIGURATION IN OCULAR TISSUES 
Gary M. Landers and James A. Olson 
Department of Biochemistry and Biophysics 
Iowa State University, Ames, Iowa 50011 
(To be submitted to the Journal of Investigative 
Ophthalmology and Visual Science) 
108 
ABSTRACT 
In bleached bovine eye-cups dark-incubated either at 30° C or on 
ice, endogenous 11-cis retinal increased and all-trans retinol decreased 
in the retina at 30° C relative to those on ice, each by approximately 5 
nanomoles/eye. Retinyl esters and 11-cis retinol also decreased, but to 
a smaller degree, in the warm-incubated retinas. No significant changes 
in retinoids were noted in the retinal pigment epithelium. The observed 
all-trans -> 11-cis retinoid isomerase activity was markedly enhanced by 
the addition of a supplement containing 4 mM pyruvate, 4 mM L-glutamate, 
5 mM succinate and 12 mM glucose, and phosphate- and bicarbonate-buffered 
media were equally effective. The conversion of all-trans retinoids to 
the 11-cis form and the oxidation of retinol to retinal were strongly 
correlated (r = 0.95) in these preparations. The implications of these 
results for the metabolism of retinoids in the visual cycle are 
discussed. 
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INTRODUCTION 
When light strikes the visual pigment rhodopsin, the bound 11-cis 
retinal is isomerized to the all-trans configuration, and a series of 
events is initiated which results in the sending of a signal to the 
visual cortex. The all-tra/3S retinoid is released from opsin, and 
eventually is re-isomerized to the 11-cis conformer, which recotnbines 
with the protein opsin to regenerate rhodopsin and thus maintain the 
photosensitivity of the retina. The vitamin A visual cycle has been 
reviewed by Bridges [1]. However, the exact mechanism whereby the 
all-trans retinoid is isomerized back to the 11-cis isomer has never been 
elucidated, although it has been studied for many years. Although this 
recycling, or visual cycle, operates smoothly in the living organism, 
efforts to study the 11-cis regenerating process in vivo have been 
largely unsuccessful. Until recently, the isomerization mechanism had 
never been convincingly demonstrated to be enzyme-catalyzed, and it was 
unknown whether retinol, retinal or a retinyl ester served as substrate, 
or whether the reaction occurs in the retina or pigment epithelium. 
However, recent reports have indicated that the isomerization primarily 
takes place in the pigment epithelium, is enzyme-catalyzed, and may use 
all-trans retinol as primary substrate [2-4]. 
We have developed a short-term organ culture system in which we 
have examined the regeneration process in excised eye-cups. This has 
been augmented by the development of an optimized HPLC (high-performance 
liquid chromatography) method, which is described elsewhere [5]. By use 
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of these methods, we have been successful in demonstrating and partially 
characterizing the ll~cis retinoid regenerating system of the bovine eye. 
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MATERIALS AND METHODS 
Laboratory Lighting 
All handling of ocular tissues (dissection, incubation, 
homogenization and derivatization) were performed under a Kodak 
(Rochester, NY, U.S.A.) lA red safelight. After derivatization of the 
homogenates, subsequent extraction and analysis were carried out under 
F40G0 gold fluorescent lamps (Westinghouse, Minneapolis, MN, U.S.A., or 
Sylvania, Warren, PA, U.S.A.) [6]. Samples were protected from white 
light during transport and storage by placing them in opaque covered 
containers, and care was taken to exclude all sources of external white 
light from the laboratory during the experiments. 
Solvents and Reagents 
Solvents and reagents were generally reagent grade, and were from 
Fisher Chemical (Pittsburgh, PA, U.S.A.), unless otherwise noted. 
Butylated hydroxytoluene (Sigma Chemical, St. Louis, MO, U.S.A.) was 
added (0.1 mg/ml) to the methanol and methylene chloride used in the 
derivatization and extraction of eye tissues to prevent oxidation of the 
retinoids. HPLC mobile phases were mixed in 1-liter batches and filtered 
through a 47-mm 0.45-wm Teflon filter in a glass solvent filtration 
funnel (Millipore, Bedford, MA, U.S.A.) before use. 
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The preparation of isomeric standards of retinyl palmitate, 
retinal, retinol and retinal oxime have been described in detail 
elsewhere [5,6]. Briefly, pure isomers of retinal were prepared by 
preparative HPLC of an acetone photo-isomerate of all-trans retinal 
(Sigma Chemical) and the corresponding isomers of retinol and retinal 
oxime prepared by reduction with NaBH^ [?] or by treatment with 
hydroxylamine [8], respectively. Isomers of retinyl palmitate were 
prepared by photolysis of all-trans retinyl palmitate (Sigma) in 
chloroform solution, or by iodine-catalyzed isomerization in hexane, and 
were subsequently purified by preparative HPLC. 
Collection and Incubation of Tissues 
Eyes from cattle slaughtered at the Iowa State Meat Laboratory were 
collected, usually within 20 minutes of death, placed individually in 
plastic bags, and plunged into crushed ice in an opaque covered ice 
bucket. The eyes were trimmed of conjunctiva, muscle and fat and 
hemisected at the level of the ora serrata in the laboratory under red 
light. The anterior third of the eye, including the cornea, lens and 
anterior chamber was discarded, along with the vitreous, and the 
resulting eye-cup was placed in a specially-made hemispherical glass dish 
and filled with Ringer's salt solution [9], which generally contained 4 
mM pyruvate, A mM L-glutamate, 5 mM succinate, and 12 mM glucose. The 
Ringer's solution was buffered at pH 7.4 either with 0.25% sodium 
bicarbonate (and kept in equilibrium with an atmosphere of 5% COg + 5% O2 
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+ 90% Ng throughout the bleaching and incubation procedures), or with 
0.15 mM sodium phosphate. The buffer-filled eye-cups were placed in 
clear acrylic racks, covered with a clear acrylic box, and chilled on ice 
while being bleached for 30 to 90 minutes (60 minutes in most 
experiments) with light from a 100-W incandescent lamp filtered through a 
Kodak 00 safelight. The 00 safelight filter allows passage of light only 
of wavelengths > 500 nm, and therefore allows bleaching of rhodopsin, but 
not photoisomerization of free retinoids. Following the bleaching 
procedure, the eyes were incubated in the dark for one to two hours 
(usually 1.5 hours), with one eye of each pair from a single animal at 
30° C, while the other eye was kept on ice for the same period. The 
retina and RPE/choroid were then dissected from the eye-cups, using a 
pair of fine curved-tip forceps, and the retina and RPE/choroid samples 
were placed in 4.5-ml Cryotubes. Usually the samples were then stored in 
opaque containers (generally brown or black plastic 3X5 file-card 
boxes) in the freezer (-20° C) until they were homogenized and extracted. 
Homogenization and Extraction 
To each thawed retina in a 4.5-ml Cryotube was added 250 vil Hanks' 
buffer (as modified by Heller and Jones [10]), pH 6.5, 700 ij1 methanol, 
and 50 wl aqueous 1 M hydroxylamine (pH 6.5). The retina was then 
homogenized with a Tekmar (Cincinnati, OH, U.S.A.) Model TR5T homogenizer 
at a speed of "30" for 15 seconds in a bath of ice and methanol. The 
homogenizer probe was rinsed by briefly homogenizing a mixture of 700 yl 
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methanol and 50 gl 1 M hydroxylamlne. The rinsings were pooled with the 
homogenate, then mixed briefly on a vortex mixer and allowed to stand for 
10 minutes at room temperature before extraction. One ml methylene 
chloride and 1 ml distilled water were added to the derivatized 
homogenate, mixed briefly, and then centrifuged at about 2000 X g for 10 
minutes at 4° C in a Sorvall RT6000 refrigerated centrifuge (Du Pont, 
Newtown, CT, U.S.A.). The lower methylene chloride layer was then 
collected with a Pasteur pipette, and the extraction was repeated twice 
for a total of three extractions. Residual water on the surface of the 
pooled extract was removed with a Pasteur pipette, and the solvent was 
evaporated under a stream of argon. The residue was redissolved in 
500 vil of 11.2% ethyl acetate + 2% dioxane + 1.4% 1-octanol in hexane, 
and dried with a small amount of sodium sulfate for at least an hour. 
The extract was centrifuged at 1000 X g for 10 minutes at 4° C, and then 
filtered through a 0.45-jjm pore Aero LC13 13-mm syringe filter (Gelman 
Sciences, Ann Arbor, MI, U.S.A.), using a Hamilton gas-tight syringe. Of 
the filtered extract, 200 m1 were set aside in a tightly stoppered tube 
for possible later additional analyses, and 50-ul injections of the 
remaining extract were analyzed for retinol and retinal oxime isomer 
content by HPLC. 
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HPLC Methods 
Analysis of retinal oxime and retinol isomers 
The method used for the analysis of retinal oxime and retinol 
Isomers has been described in detail elsewhere [5]. Briefly, two 4 X 250 
nun columns (packed with 5-wm Lichrosorb Si-60) in series were eluted with 
11.2% ethyl acetate + 1.4% 1-octanol + 2% dioxane in hexane, at a flow 
rate of 1 ml/min. Detection was by absorption, generally at both 325 nm 
and 360 nm, by using two detectors in series. Data from the each 
detector were analyzed with either a Hewlett-Packard (Avondale, PA) 3390A 
integrator, or with a Shimadzu (Columbia, MD, U.S.A.) C-R3A integrator. 
When the Shimadzu integrator was used, chromatograms from individual 
injections were stored in RAM memory, and "difference chromatograms" were 
prepared by subtracting the signal from the cold-incubated eye from the 
trace resulting from the warm-incubated eye, using the baseline 
subtraction function of the integrator. Such plots allowed an immediate 
graphic assessment of the changes in quantities of various retinoid 
isomers that had occurred in a particular warm-incubated eye, relative to 
the cold-incubated eye from the same animal. 
Analysis of retinvl ester isomers 
An Excalibar 4.6 X 250 mm column packed with 5-wm Spherisorb silica 
(Applied Science, State College, PA, U.S.A.) was eluted with 0.5% ethyl 
acetate in hexane at a flow rate of 1.0 ml/min [6]. Detection was at 
325 nm. 
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Data Analysis 
Data analysis was performed using SAS and SAS/6RAPH software (SAS 
Institute, Gary, NC, U.S.A.) on a mainframe computer, or with Lotus 1-2-3 
(Lotus Development Corp., Cambridge, MA, U.S.A.) on an MS-DOS 
microcomputer. 
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RESULTS 
The results of a study involving 7 pairs of eyes, in which the 
retinoids in both the retina and retinal pigment epithelium were 
analyzed, are shown in Table I. The analytical procedure used in this 
study was somewhat different from the one described under "Materials and 
Methods". An attempt was made to extract differentially retinol from the 
retinas using hexane, and then to extract retinal with methylene 
chloride, by using a procedure very similar to the present methylene 
chloride/hydroxylamine extraction procedure. One HPLC method was used 
for the analysis of retinol isomers, while a second was used for the 
analysis of isomers of retinal oxime and still a third method was used 
for analyzing isomers of retinyl esters. Unfortunately, the differential 
extraction methodology was only partly successful, and a fair proportion 
of the retinal was recovered in the retinol fraction, and vice versa. 
Hence, it was necessary to sum the values obtained with each extract and 
each chromatographic method. The retinal pigment epithelium was not 
extracted using the methylene chloride procedure in this experiment, 
because the pigment epithelium layer usually contains only traces of 
retinal. Although little retinal was found, as shown in Table 1, the 
recovery using a hexane-based extraction method might also have been 
poor. 
Several net changes are clearly discernible in the data of Table I. 
In the retina, a net increase in ll-ci5 retinal is accompanied by a net 
decrease in all-trans retinol of closely corresponding magnitude, along 
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TABLE I. Summary of changes in retina and retinal pigment epithelium 
during eye-cup incubation® 
Incubation temperature 
Tissue and compound 30° C*) 0° Difference^ pC 
Retina: 
11-Cis retinol 1.71 2.34 -0.63 <0.01 
11-CÎ3 retinal 4.65 1.30 3.35 <0.01 
Total ll-ci3 retinoids 6.36 3.64 2.72 <0.01 
All-trans retinol 6.03 9.17 -3.14 <0.1 
All-trans retinal 1.50 1.44 0.06 -
Total all-trans retinoids 7.53 10.61 -3.07 <0.1 
Total retinol 8.07 11.85 -3.78 <0.05 
Total retinal 7.59 3.94 3.65 <0.01 
Total retinyl ester 1.19 1.26 -0.07 -
Total retinoids 16.85 17.05 -0.20 -
Retinal Pigment Epithelium: 
11-Cis retinol 0.51 0.61 -0.11 -
11-Cis retinyl ester 0.63 0.57 0.06 -
Total 11-cis retinoids 1.14 1.19 -0.05 -
All-trans retinol 1.92 1.94 -0.02 — 
All-trans retinyl ester 2.01 1.45 0.56 -
Total all-trans retinoids 3.92 3.39 0.54 -
Total retinol 2.50 2.78 -0.28 — 
Total retinyl ester 3.51 2.79 0.72 -
Total retinal 0,17 0.18 -0.01 -
Total retinoids 6.18 5.76 0.43 -
Retina + Retinal Pigment Epithelium: 
Total retinol 10.57 14.63 -4.06 <0.05 
Total retinyl ester 4.70 4.06 0.65 -
Total retinal 7.76 4.12 3.64 <0.01 
Total all-trans retinoids 11.45 13.99 -2.54 <0.05 
Total li-cis retinoids 7.49 4.82 2.67 <0.02 
Total other Isomers 4.25 4.27 -0.01 -
Total retinoids in eye 23.03 22.81 0.23 — 
^Analytical methods were significantly different from those listed 
in Methods. See text for details. 
''Means for seven pairs of eyes, expressed as nanomoles/eye. 
"^Probability that there is no real difference in the cold- and 
warm-incubated eyes, based on the paired Student's t-test. (Percent 
confidence = [1-P] x 100.) A dash indicates P > 0.2. 
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with a net oxidation of retinol to retinal. The decrease of 11-cis 
retinol, although small, is also very significant statistically (P<0.01). 
In contrast, there are no statistically significant net changes of 
retinoids in the retinal pigment epithelium. Of the 25% of total 
retinoids recovered that were found in the retinal pigment epithelium, 
about half were retinol, and half retinyl esters. In contrast, after 
dark-incubation at 30° C, the retina contained 48% retinol, and 45% 
retinal, and 7% retinyl asters. 
The sample extraction and HPLC methods described in "Materials and 
Methods" was used for the remainder of the studies. Figure 1 shows the 
elution profile for a test mixture of retinal, retinal oxime and retinol 
isomers, while an analysis of a retina extract is shown in Figure 2. The 
separation of syn 9-ci3 and syn IS-cxs retinal oxime that is seen in 
Figure 1 was not always obtainable. Other than that, the elution 
profiles shown in Figures 1 and 2 are rather typical of those obtained 
with this system. Isomers of retinyl esters, however, eluted too closely 
to the solvent front to be resolved in this system [5]. 
Figures 3 through 5 illustrate similar results from another set of 
eye-cup incubations. In this case, only the retina was analyzed, but the 
results are very similar to those seen for the retina in the earlier 
study. The cold-incubated retinas (Figure 3), which we assume to be 
representative of all the eyes immediately after bleaching on ice, have 
their retinoid content about equally divided between retinol and retinal, 
with about 20% present as retinyl ester. Most of the retinol is in the 
all-trans configuration, while most of the retinal is 11-cis. After 
Figure 1. Resolution of retinol, retinal and retinal oxime isomers on 
two Lichrosorb 4 X 250 mm 5-jjm Si-60 columns in series. Mobile 
phase was 11.2% ethyl acetate, 2% dioxane and 1.4% 1-octanol in 
hexane, at a flow rate of 1 ml/min, and detection was by 
absorbance at 360 nm 
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Figure 2. Separation of retinoid isomers in an extract of a retina from 
a bovine eye—cup, which had been bleached on ice and dark-
adapted for one hour at 30° C, as described in "Materials and 
Methods". HPLC conditions are as in Figure 1 
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Figure 3. Levels of various retinoids in retinas from bovine eye-cups 
which were allowed to stand on ice for one hour in the dark 
after a one-hour bleach on ice. The incubation buffer 
contained bicarbonate and substrate, and the values are the 
means of three retinas. The isomeric content of the retinyl 
ester fraction, which elutes at the solvent front, was not 
analyzed 
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bicarbonate and substrate, and the values are the means of 
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dark-incubation at 30° C (Figure 4), the retinas oxidize about half of 
their retinol to retinal, and also convert about half of their all-trans 
isomers to the 11-cis form. The net effect is one of conversion of all-
trans retinol to 11-cis retinal. The only other net changes of any 
significance are a slight increase in overall retinoid recovery and a 
small decrease in retinyl esters in the warm-incubated retinas, relative 
to the cold-incubated eyes (Figure 5). Additional details on these eye-
cup incubations are provided in Table II. 
Figure 6 shows representative results of a comparative study 
between eye-cups incubated in a phosphate-buffered medium with substrates 
as metabolizable energy sources, or in a bicarbonate-buffered medium 
either with or without such substrates. Eye-cups buffered with 
bicarbonate were gassed during bleaching and incubation with 5% 0^ + 5% 
COg + 90% N2. The increases (warm-incubated relative to cold-incubated) 
in 11-cis retinal for the bicarbonate- and phosphate-buffered eye-cups 
with added substrate were 5.8±1.8 and 4.3±2.1 nanomoles/retina, 
respectively, and for the eye-cups incubated in bicarbonate-based medium 
without substrate, it was only 0.6±1.8 nanomoles/retina. Similarly the 
warm-cold difference for all-trans retinol in the same three incubations 
were -2.5+0.13, -5.0+1.1, and -1.4+0.7 nanomoles/retina, respectively. 
Thus, a source of metabolizable substrates seems to be quite necessary. 
Both phosphate- and bicarbonate-buffered medium support the formation of 
11-cis retinal. 
In Figure 7, the change in total retinal as a percentage of total 
retinol plus retinal is plotted versus the change in total 11-cis 
Figure 5. Mean changes in levels of various retinoids in retinas from 
bovine eye-cups which were incubated at 30° C for one hour in 
the dark after a one-hour bleach on ice, relative to the 
corresponding cold-incubated eyes. The incubation buffer 
contained bicarbonate and substrate, and the values are the 
means of differences for three pairs of retinas. The isomeric 
content of the retinyl ester fraction, which elutes at the 
solvent front, was not analyzed. The error bars represent 
standard deviation, and the degree to which the changes are 
significantly different from zero, according to Student's t-
test, is represented by the small-case letters near each bar: 
a > 99% confidence, 99% > b > 95% confidence, 95% > c > 90% 
confidence, and d < 90% confidence. The means and standard 
deviations are also given in Table II 
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TABLE II. Distribution of retinoids in cold- and warm-incubated eyes® 
Esters'' Retinol° Retinal^ Total 
Cold-incubated eyes 
All-trans 5.5+1.41 1.9±0.45 7.4+1.82 
11-C2S 1.2+0.18 4.4+0.93 5.6+1.05 
9-ci3 0,2±0.07 1.1±0.20 1.3+0.27 
13-cfs 0.3+0.03 0.4+0.08 0.7±0.08 
Total 3.5+0.76 7.2±1.52 7.8±0.99 18.5+2.99 
Warm-incubated eyes 
All-trans 3.0+1.51 1.7+0.25 4.7+1.70 
11-cis 0.9±0.22 . 10.4+1.71 11.3+1.91 
9-cis 0.0+0.01 1.0+0.26 1.0+0.26 
13-cis 0.2+0.03 0.4+0.12 0.6+0.14 
Total 2.6+0.84 4.1+1.77 13.5+1.98 20.2±4.44 
Difference in cold- and warm-incubated eyes 
All-trans -2.5±0.01 -0.2±0.02 -2.7±0.01 
11-cis -0.3+0.01 6.1±0.19 5.7+0.20 
9-cis -0.1±0.01 -0.1±0.04 -0.2+0.05 
13-cis -0.1+0.01 -0.1±0.01 
Total -0.9+0.04 -3.1+0.03 5.8+0.16 1.7±0.16 
^All values are given as nanomoles/eye+standard deviation. Data 
are presented graphically in Figures 3-5. 
^Estimated on the basis of the peak at the solvent front in the 
retinol/retinal oxime HPLC analysis system. 
'^Analyzed using the retinol/retinal oxime HPLC method. 9-cis and 
13-cis values are based on estimated standard curve values. 
'^Analyzed using the retinol/retinal oxime HPLC method, after 
derivatization to retinal oxime. 9-cis and IS-cis values are based on 
estimated standard curve values. 
Figure 6. Representative difference chromatograms illustrating 
regeneration in retinas from 30° C-incubated eye-cups, relative 
to the retina from the corresponding cold-incubated eye-cup, in 
incubation medium containing (top) bicarbonate buffer and 
substrate, (middle) phosphate buffer and substrate and (bottom) 
bicarbonate buffer, but no substrate. Peak identities are: a, 
retinyl esters, b, syn 11-cis retinal oxime, c, syn all-trans 
retinal oxime, d, syn 9-cis retinal oxime, e, anti 11-cis 
retinal oxime, f, anti 9-cis retinal oxime, g, anti all-trans 
retinal oxime, and h, all-trans retinol. Strong regeneration 
occurred in the eyes incubated with either phosphate buffer or 
bicarbonate buffer, and the differences between the top two 
plots are not significant, but the regeneration in the bottom 
plot is significantly weaker than that which occurred in the 
eyes that received substrate 
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retinoids as a percentage of total retinal plus retinol for a number of 
pairs of retinas over the span of several experiments. It is possible 
that this correlation (r = 0.95) may simply be evidence that both the 
isomerase activity and the oxido-reductase activity are indicators of 
relatively healthy tissue, or it may indicate that the isomerase and 
oxido-reductase activities are linked in some way. 
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DISCUSSION 
The patterns of retinoid metabolism evident in our studies align 
well with those found in in vivo studies [11,12]. The classical pattern 
of all-trans retinol in the photoreceptor outer segment being isomerized 
and oxidized to ll-cis retinal is exactly what one would expect. 
However, such regeneration in excised mammalian eyes has not been 
previously demonstrated. 
It is interesting that no net changes in the isomeric or oxidative 
states of retinoids were seen in the retinal pigment epithelium, 
especially in view of recent reports of all-trans -> 11-cis retinol 
isomerase activity in microsomal fractions from the retinal pigment 
epithelium, but not from the retina [3,4]. 
There are two possible explanations of this apparent discrepancy. 
One is that the isomerization may actually take place in the retinal 
pigment epithelium, but that transport between the two tissues may be 
relatively rapid, so that net changes are not seen in the retinal pigment 
epithelium, but only in the retina. Because the eye-cups were bleached 
on ice (to minimize tissue breakdown before dark-incubation), it is 
likely that the normal transport of retinoids between the retina and 
retinal pigment epithelium was suppressed until the tissue was warmed, so 
that all-trans retinoids derived from photolyzed rhodopsin accumulated in 
the photoreceptors. Thus, during the 30° C dark-incubation, the 
accumulated all-traas retinol might have been transported to the retinal 
pigment epithelium, presumably on IRBP (interphotoreceptor retinoid-
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binding protein), and isomerized to 11-cis retinol. The 11-cis retinoid 
would then have been transported back to the retina and utilized in the 
regeneration of rhodopsin. Oxidation of ll-cia retinol to ll-ci5 retinal 
might occur in either the retina or retinal pigment epithelium, although 
the 11-cis-specific retinol dehydrogenase has been reported to be present 
in the retinal pigment epithelium, but not in the retina [13-15]. 
The other possible explanation is that an all-trarjs -> 11-cis 
retinoid isomerase may be present in both the retina and the retinal 
pigment epithelium. The Muller cell of the retina, along with the 
retinal pigment epithelial cell, contains both CRBP (cellular retinol-
binding protein and CRALBP (cellular retinal-binding protein) [16-18], 
and may well play an Important, although still undefined, role in the 
metabolism of retinoids. It is also possible that the all-trans -> 11-
cis retinoid isomerase of the retina may be more tightly regulated than 
that in the retinal pigment epithelium, and may only be active under 
certain conditions. The mild, nondisruptive process of bleaching on ice 
followed by warm dark-incubation, as used in our studies, may well 
simulate the in vivo situation much more accurately than the 
homogenization of tissues and the subsequent in vitro incubation with 
added radiolabeled retinoids [3,4]. 
The isomerizing activity shows a strong dependence on oxidizable 
substrates. The isomerization of all-trans retinoids to 11-cis retinoids 
is an endergonic process, because the free energy of 11-cis retinal is 
about 4 kcal/mole greater than that of all-trans retinal [19,20]. 
Whether the isomerase specifically requires some product of substrate 
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utilization, or whether the oxidizable substrates are simply necessary to 
maintain the overall health of the tissue is not known. No effort was 
made in these studies to determine which components of the substrate 
mixture are required, but such a determination might elucidate which 
pathways of intermediary metabolism are involved. 
It is interesting that all-trans retinol accumulates in the retina 
following bleaching of the eye-cups on ice, but all-trans retinal does 
not. This suggests that the all-trans retinal reductase of the retina is 
active during the cold bleach, although transport between the retina and 
retinal pigment epithelium is at least partly suspended. 
Equally interesting is the apparent link between the appearance of 
11-cis retinoids and the net oxidation of retinol to retinal. If one 
excludes the explanation that both activities are merely indicative of 
the health of the preparation, there remain four other more interesting 
possibilities. One is that both isomerization and oxidation of retinol 
occur in a cell other than the photoreceptor. In this case, both 
processes would be dependent on efficient transport between the 
photoreceptors and one or more other cell types, such as the retinal 
pigment epithelium and/or the Muller cells, so that the transport would 
be the rate-limiting step for both reactions. A second possibility is 
that the oxidase may be stereospecific for ll-cis retinol, and the rate 
of oxidation rapid relative to that of isomerization. The third 
possibility is that oxidation may occur before isomerization, but the 
rate of isomerization is rapid relative to that of oxidation. This 
explanation is somewhat unlikely, because there is evidence that 
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isomerization occurs at the retinol, rather than the retinal, oxidation 
state [2]. A fourth explanation is that the two enzymes may be linked in 
a multienzyme complex. The last three of the four explanations share the 
idea that once all-trans retinol begins the oxidation/isomerization 
process, it undergoes both reactions in short order. Thus, in these 
three cases, it would be likely that the oxidation and isomerization 
steps would occur in the same cell, although that cell might be a 
photoreceptor, a Muller cell, or a retinal pigment epithelial cell. It 
is noteworthy that we have never observed a large increase in ll-cis 
retinol in eye-cups after dark-incubation at 30° C, even when a net 
reduction of retinal to retinol occurred. 
It is an appealing idea that the isomerase activity may occur in 
both the retinal pigment epithelium and in the retina. Such an 
arrangement would allow the photoreceptors to utilize both local and 
remote sources of 11-cis retinoids for rhodopsin regeneration, and thus 
to respond optimally to whatever demands are made by the existing 
conditions. 
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OVERALL SUMMARY 
A statistical optimization technique, based on estimating a three-
dimensional response surface for resolution over a range of mobile-phase 
compositions, was applied to the separation of four isomers of retinol in 
normal-phase HPLC (high-performance liquid chromatography). The 
proportions of three polar solvents (methylene chloride, isopropyl ether, 
and chloroform) in a base solvent of hexane were varied and the 
resolution of the 11-cis, 13-cjs, 9~cis and all-trans isomers on a silica 
column was determined. These data were then used to model the resolution 
over the entire range of possible solvent compositions, and an optimum 
solvent mixture predicted. Optimum resolution of the 11-cis isomer from 
the 13-cjs isomers required a very different solvent mixture than that 
which produced optimum resolution of the 9-cjs from the all-trans isomer, 
and the final conditions chosen were a compromise between these two 
separate optima. This optimum was adapted with good success to a 
different column with different packing. The effect of solvent 
selectivity on resolution was found to be much greater for resolution of 
different retinoid classes than for resolution of isomers within a class. 
A published report that retinyl palmitate was isomerized in 
chlorinated solvents when exposed to gold fluorescent lamps was 
investigated. No isomerizafion of all-trans retinal, retinyl palmitate 
or retinol in hexane, chloroform or methylene chloride solution was 
observed on extended exposure to gold fluorescent lamps or in the dark, 
but extensive isomerization was seen on exposure to a combination of 
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white fluorescent light and indirect sunlight, particularly in the 
chlorinated solvents. A large amount of the 9-cis isomer of retinol and 
retinyl palmitate was produced on exposure of chloroform, methylene 
chloride, tetrahydrofuran, acetone, or methanol solutions to white light, 
while exposure in hexane solution produced much less isomerization and 
produced primarily the 13-CJS isomer. No evidence was found for free-
radical or acid-base mechanisms for the observed isomerization in white 
light. It was concluded that avoiding exposure to white light was of 
much greater importance than avoiding the use of any particular solvent, 
and that the original report of isomerization due to exposure to gold 
lamps was in error, probably due to inadequate exclusion of white light. 
A method was developed for the resolution of thirteen geometric 
isomers of retinol, retinal, and retinal oxime in a single 
chromatographic run on two 4 X 250 mm S-jjm Lichrosorb Si-60 columns in 
series, by using 11.2% ethyl acetate, 1.4% 1-octanol and 2% dioxane in 
hexane as the mobile phase. All of the 11-cis and all-trans isomers of 
retinol and retinal oxime are completely resolved from each other and 
from the 9-cis and li-cia isomers. This method should be particularly 
useful for quantifying geometric isomers of retinoids in methylene 
chloride/hydroxylamine extracts of biological samples such as ocular 
tissues. 
In bleached bovine eye-cups dark-incubated either at 30° C or on 
ice, endogenous ll-Cis retinal increased and all-trans retinol decreased 
in the retina at 30° C relative to those on ice, each by approximately 5 
nanomoles/eye. Retinyl esters and 11-cis retinol also decreased, but to 
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a smaller degree, in the warm-incubated retinas. No significant changes 
in retinoids were noted in the retinal pigment epithelium. The observed 
all-trans -> 11-cis retinoid isomerase activity was markedly enhanced by 
the addition of a supplement containing 4 mM pyruvate, 4 mM L-glutamate, 
5 mM succinate and 12 mM glucose, and phosphate- and bicarbonate-buffered 
media were equally effective. The conversion of all-trans retinoids to 
the 11-cis form and the oxidation of retinol to retinal were strongly 
correlated (r = 0.95) in these preparations. 
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